hn’s 
2nd 
‘ew 
figs. 


that 
was 
of 
are 
ters 
iefly 
the 
and 
the 
pters 
news 
such 
defi- 
eT, 
d to 
‘ition 
with 
but 
and 
table 


ctual 
d the 

well 
artie- 
ction 

lines 
out- 


that 
lence. 
roach, 
0k of 
bond 
not a 
ids to 

The 
ns for 
| page 
a 
does 
| page 
served 

thus 
Cand 
rawing 
en 


of the 
idation 
e addi- 


y level 
e book 
/ourses. 
od out- 
high 
>mistry 
Even 
sell to 
-assical 
Not 
much 
} some 
compli- 
hion. 


BLE, JR. 


niversity 


ry 


EDITORIALLY SPEAKING 


Chem 


Upgrading the Product 


In the business world, one important 
factor in success is making the product better than 
anyone else’s. This also should be the goal of the 
teacher. The chemistry teacher should strive to turn 
out as good a product as possible and this goal was 
never more important than at the present time. To- 
day we are in a race for technological leadership and, 
unfortunately, it is not entirely a race to see which 
country can be the most constructive. The way of 
living of millions of people is not being decided by ballot 
but by force. Unless we are willing to knuckle under 
to such forces, we must be technologically and morally 
strong. 

At present, many of our schools are overcrowded, 
so one might falsely assume that we are bound to be 
technologically strong with this great number of young 
students going through our educational institutions. 
For several reasons this is not necessarily so. Many 
of my friends who are teaching chemistry tell me that 
they are not getting so high a proportion of top quality 
students as they did some years ago. Part of this is 
due to the fact that chemistry is not the number one 
glamour science that it was before the creation of atomic 
bombs and rockets. Although our schools are crowded, 
some of this condition is due to the popularity of just 
going to college and not to the dedication of a purpose in 
life. 

Several years ago when I was in the teaching pro- 
fession, the director of admissions frequently asked 
members of the faculty to speak before high school 
students urging them to go to college. Some members 


ABert L. ELprr, 1960 President of the American Chemical Society, has had a scientific 
career which would fill a life for at least three ordinary chemists. He is known to the 
academic community as a former professor at Syracuse (1930-1941). 
his wide interests in organic research, he is the author of a textbook of general chemistry, 
a laboratory manual, and a uniquely comprehensive book on demonstrations for general 
chemistry. The War Production Board called him to scientific government service in 
Washington from 1941 to 1944. He was closely associated with the early development 
of the synthetic rubber program and later was Head Chemical Advisor and Coordinator 
of the penicillin program. Since 1944 he has directed the research destinies of an in- 
dustrial laboratory, the Corn Products Company, at Argo, Illinois. His words here 
presented carry the conviction of a man who has done successfully and consistently what 
he urges readers to do: turn out a better product. 


of the faculty considered it below their dignity to do 
so—even though we needed the students. 

My plea is that all chemistry teachers should do re- 
cruiting today if for no other reason than that good 


students are more fun to teach than poor ones. Your 
prestige as a teacher will be greatly enhanced if your 
students make significant contributions in their chosen 
fields. 

You should be familiar with the sources of financial 
aid for needy students. The cost of a college education 
keeps climbing every year and many students with 
creative minds cannot see their way clear to go to col- 
lege. Such cases are national losses and ones which we 
cannot afford. 

Much effort is being expended at present to develop 
tests which will measure creativity. Even so, there 
is no better measure of creativity than the contact 
between teacher and student. 

Knowledge in chemistry is expanding at a terrific 
rate. For example, Chemical Abstracts doubles in 
size every few years. Nothing short of the best of 
minds can keep up with this progress. Only the crea- 
tive will expand the horizons and in this competitive 
world the discoveries yet to be made may mean the 
difference between success and failure. 

Seek those with creative minds, encourage them to 
continue their education, gear your teaching techniques 
to an expanding knowledge and your personal satis- 
faction in teaching will be great and your contribution 
to our country will be significant and appreciated. 


ALBERT L. ELDER 


In addition to 
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Since about 1952 there have been 
major and rapid developments in the theory of bonding 
in complex compounds, particularly for compounds of 
the transition elements. In order that these may be 
appreciated, it is desirable to do two things: first, to 
consider what we want of such theory, and second, 
to see where theory stood immediately prior to these 
developments. 

A satisfactory theory should predict the following: 
(1) the stability of a complex, i.e., its free energy, or at 
least its heat, of formation from its constituents; 
(2) the oxidation-reduction states and their relative 
free energies; (3) the stereochemistry; (4) the ease of 
reaction, by leading to treatment of transition states; 
(5) those physical properties which are of special 
interest to chemists. 

If it also predicts physical properties which are of 
peculiar interest to physicists, that is a bonus to which 
no objection would be made. 

The first. description of complexes in anything like 
modern terms was made by N. V. Sidgwick who, 
starting in about 1923, developed ideas which had been 
adduced earlier by G. N. Lewis and applied them sys- 
tematically to rationalize the then known facts (1). 
He was able to show that the occurrence of such com- 
plexes could be understood if what we now call the 
ligands (the peripheral molecules or ions) each use a 
pair of electrons to share with the metal ion or atom, 
and so form dative bonds—which he called coordinate 
links—between themselves and the metal. Thus, a 
hexammine was represented : 


NH; 
H;N | NH; 
NL 
| NH; 
NH; 

The covalent nature of the link was, Sidgwick con- 
sidered, the explanation of the stability and the 
definiteness of the stereochemistry which Werner had 
already established in many examples. 

The next major steps were due to L. Pauling who, 
in 1931, introduced three important new ideas (2). 

First, he explained the stereochemical arrangements 
which had been observed, by the concept of orbital 
hybridization. He was able to show that by the linear 


The material for this article is taken in part from lectures 
delivered at the Conference on Chemical Bonding at Tufts 
University, July, 1959. This conference was made possible by 
a grant from the National Science Foundation. 
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Some Recent Developments in the Theory 
of Bonding in Complex Compounds 
of the Transition Metals 


combination of hydrogen-type atomic wave functions, 
which are not all geometrically equivalent, it is possible 
to produce sets of orbitals which are equivalent but 
differently oriented. Thus, an s orbital could com- 
bine with three p orbitals to form four equivalent 
orbitals directed along the axes of a regular tetrahe- 
dron; one s, three p, and two d orbitals could be com- 
bined to give a regular octahedrally-directed set; one 
s, two p, and one d orbital could give four derived 
orbitals directed to the corners of a square. These 
derived functions, like the primary hydrogen ones, 
are often represented pictorially by drawing that part 
of the total function which depends upon the polar 
angles @ and ¢. 

Secondly, he suggested that there could be double 
bonding between some types of ligand and the metal 
ion or atoms, which by permitting reverse donation 
could reduce the negative charge on the said metal ion 
or atom. Otherwise, this charge might, on Sidgwick’s 
ideas, build up to an improbable degree, e.g., there 
could be up to —4e on the Fe atom in a ferrocyanide 
ion because each dative link causes a charge transfer 
of up to one electronic charge, M~-X*. Thus to the 
positive charges on Fe*+ could be added one negative 
charge from each of the six ligands. Such double 
bonding could spread or delocalize the negative charge 
over a number of atoms and prevent its accumulating 
on any one; such a process itself stabilizes the system, 
apart from the effect of any extra bonding energy. 

Thirdly, Pauling showed how the magnetic proper- 
ties of complexes might be used to investigate the 
nature of the bonding between ligand and transition 
metal in certain cases. Because two electrons in the 
same orbital have their spins pairéd while those which 
are not constrained to occupy orbitals in pairs will 
usually only half-fill orbitals, thus having their spins 
unpaired, it is possible by measuring the magnetic 
effects due to such spins to discover how the electrons 
are distributed, how many orbitals they are permitted 
to occupy, and possibly, therefore, whether covalent 
or ionic bonding is occurring between ligand and metal. 
Thus, in iron (III) complexes there could be tw» elec- 
tron distributions, viz., 


3d 


22122 2 222 covalet 

wherein [A] represents the argon core of electron-, and 
the italic shows for the ionic (five unpaired spins) and 
the covalent (1 unpaired spin) states, respectively, 
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orbitals and electrons which are available for covalent 
bonding. The paramagnetic dipole moments of such 
compounds are due mainly to the unpaired spins; 
so these distributions are easily distinguished. Ac- 
cording to this view, no intermediate state is possible 
because this would require the combination of wave 
functions with different electron spin functions; and 
these do not combine. Furthermore, it explains why 
many cobalt(III) complexes are so much more stable 
then cobalt(II) ones. For, clearly, whereas the former 
could have the above orbitals just completely filled, 
the cobalt(II) complex would have to have one elec- 
tro: in a high-energy 5s orbital, which therefore could 
easily be removed. 


3d 4s 4p 5s 


When the advances made possible by these new ideas 
had been explored and consolidated, attention began 
to focus on those which it did not make possible and 
to points which it did not explain. Thus (3, 12), it offers 
no interpretation of the spectra of metal complexes, 
nor of their free energies of formation. It fails to 
predict whether certain four coordinate complexes are 
tetrahedral or square planar. It gives no quantita- 
tive predictions about free energies of oxidation-reduc- 
tion, and it may give wrong qualitative predictions. 
It fails to give quantitative correlations of magnetic 
moments when values in excess of those expected for 
electron spin only are observed. 

The ion [CoCl]-~ has a magnetic moment corre- 
sponding to three unpaired electrons, indicating the 
distribution 


and leading naturally to an explanation of the tetra- 
hedral configurations observed. [Cu(H,O),]*++ has one 
spin, which would appear also to correspond to a tet- 
rahedral arrangement of ligands 


3d 4s 4p 
im 22323223 8 


This is wrong, however, the arrangement being square 
planar, so instead the distribution below is suggested 


3d 4s 4p 


which, however, might indicate that one more electron 
could be easily removed to give Cu*+, which is not 
true. 

_ Another unsatisfactory result from the theory is that 
In some cases, e.g., the iron(III) complexes, it shows 
that bonding must either be purely covalent or purely 
lonic; for it does not seem possible that either extreme 
could correspond to reality. 

Some of these difficulties were met in part by the 
sugges‘ ion (4) that if the ligands are highly electronega- 
live, outer, 4d, orbitals may be used, giving the following 
electron distribution which allows covalent character in 
the high spin case— 


3d 4s 4p 4d 
22138 239 


[A] 
complexes 


High spin 
Low spin 


For euprie complexes, the electron distribution, could be: 


3d 4s 4p 4d 
Copper(IT) fa} 222321288 8 


complexes 


which gives a half convincing explanation of the plan- 
arity of the copper(II) complexes. 

Further progress has, however, come only by a radi- 
cal revision of ideas. This started in about 1951, 
with a return to the simplest possible model for a 
complex, namely an agglomerate of ions, or of a central 
ion surrounded by electric dipoles. This had been 
used twenty years previously by physicists for discuss- 
ing magnetic properties and, later, spectroscopic 
properties (12), but it had had little or no impact on 
chemists until L. E. Orgel showed how remarkably 
useful it is (5, 6). The primitive theory has been de- 
veloped still further by the application of the molecular- 
orbital method of treatment to the problem. All in 
all, the advances since 1951 have been remarkable. 


Ligand Field Theory 


If a regular octahedral complex is built up from a 
central cation and six anions placed round it, the field 
of the former will polarize the latter, while the com- 
bined field of the anions will have interesting effects 
on the cation if this has an incomplete d shell. The 
five d orbitals all have different angular (6, ¢) functions; 
but three fall into a group and are formally termed the 
tz, or dy orbitals, while the other two are grouped 
together as e, or d, orbitals (Figure 1). 


LIS 


dyz) 


y2 


€, or de 
tog or dy 
Figure 1. 


The e, orbitals, viz., the d, and the d,_,:, point along 
the Cartesian axes on which are placed the six anionic 
ligands. The &, orbitals point to the mid-points of 
the edges of a cube the 4-fold axes of which lie along 
the Cartesian axes. Consequently, electrons in e, 
orbitals are repelled more by the anions than are those 
in t,, orbitals. The degeneracy of the d orbitals in the 
free atom is thus resolved, the &, orbitals becoming 
stabler than the e, by an amount denoted 10 D, (Figure 
2). 

The opposite kind of splitting occurs in the field 
from four ligands disposed tetrahedrally around the 
ion, i.e., at alternate corners of the cube, because elec- 
trons in the e, orbitals are now farther from the ligands 
than are those in #, orbitals. Furthermore, the tetra- 
hedral splitting 10 D,’ is less than the octahedral 10D,, 


(a) (b) 
& + 


‘ ! 
Octahedral field Tetrahedral field 
Figure 2. 
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Table 1°. 


Number of electrons 1 


5 
High low 


Electron 
distribution log 1 
Resultant spins 1 

Spin exchange 
interaction (me) 
Electrostatic electron 
—4 


repulsion (ae) 
Energy in ligand field D, 


—8 —12 


+2 +h +3 +2 +3 +3 
0 —20 —4 —24 —18 ‘ 


@ The zero of energy for the ligand field effect is taken to be that for a random occupation of the three t2g and the two e orbitals by an electron. 
be shown below, the energy of an electron in a f2g orbital is then —4Dq and that of one in e, orbital is +6Dg. 


being one half to two thirds of it, (7) because there 
are only four ligands instead of six, and because in the 
former case they are only at alternate corners of the 
cube, whereas in the latter there is a ligand along each 
axis. The relation between either D, or D,' and the 
nature of the ligand will be left for later discussion. 

In less regular fields, further splitting will occur. 

If fewer than ten electrons are put into the five d 
orbitals, there is obviously a choice of possible distri- 
butions, and we have to consider what factors determine 
this. Two kinds of interaction between the electrons 
cause them to spread over as many orbitals as possible. 
One is the simple electrostatic repulsion which is 
greater between two electrons occupying the same or- 
bital than between two in different orbitals. The other 
is the so-called exchange interaction which is zero 
between electrons of opposed spin but is negative, i.e., 
gives stabilization, between electrons with parallel 
spins. 

The dependence of this exchange energy upon dis- 
tribution among orbitals may be illustrated thus (6). 
In the d® “high spin” configuration, with parallel spins, 
(te,a2)(e,a)? there are (5 X 4)/(1 X 2) = 10 interacting 
pairs, but in the “low spin” state, e.g., (te,a)%(t,,8)? 
there ave only (3 X 2)/(1 KX 2) + (2X 1) = 
4; so there is a stabilization of 6 interaction units 
(x) of the high spin relative to the low spin state. 

In the d* configuration with high spin (f,a)*(t2,8)!- 
(e,a)* there are again (5 X 4)/(1 X 2) = 10 spin in- 
teractions, and in the low spin state (t,a)°(t,8)* there 
are (2 X 3 X 2)/(2 X 1) = 6; so the stabilization is 
4nx.. The electrostatic repulsion depends upon the 
number of electrons in pairs, being 7, per pair. 

The splitting of the %, and e, orbitals by the octa- 
hedral ligand field favors the occupation of the former 
rather than the latter; consequently, it can ‘“compress”’ 
electrons into the t2, orbital and so can cause the pairing 
of electron spins. It stabilizes the “low spin’ state 
relative to the “high spin.” Thus, for the d‘ state with 
a configuration (f2,)* (e,)! the energy in the field is 10 
D, higher than for the configuration (t,)4; and for 
the state configurations (f,)* (e,)? and (t.,)5 the 
difference is 20 D,. 

These factors may be set out as in Table 1. 

Only for the d‘, d®, d°, d’ states is there in fact a choice 
of electron configuration, because in the d', d?, d° 
states the tf, orbitals merely fill one by one, and in the 
d’, d°, states the three orbitals must be full so 
the vacancies occur in the e, orbitals, whether the lig- 
and field be strong or weak. Thus we have the possible 
spins shown in Table 1 (line 4). What electron 
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configuration and spin will be assumed by a given 
d” state, therefore, depends upon whether the ditier- 
ence between the ligand field effects for the high and 
the low spin states is greater or less than that between 
the electron repulsions. 

One point which is immediately obvious is that the 
d> state will tend strongly to be a “high spin” one, 
because the electron spin exchange energy difference 
between it and the low spin configuration is greater 
than for any of the other d” states. It is clear that a 
given ligand field splitting D, can produce a low spin 
configuration in the d® state more easily than it can in 
the d°, because the field energy difference is the same in 
the two cases, but the electron spin energy difference 
is less in d® than in d®. Other relations of this kind can 
be derived. 

Orgel applied these ideas early on (5, 8) to explain 
the relations between the heats of formations of the 
hydrates of the first row transition metals. According 
to the simplest model for a hydrated ion, its heat of 
formation could be calculated from the electrostatic 
approach energies of the polar ligands to the central 
ion and the repulsion energies between ligands. For 
the divalent ions, it would be expected that the former 
would vary in the same way as the ionization energies 
of the process 


M(3d)"(4s)? M?*(3d)" + 2e 


which is not the same as the sum of the ordinary first 
and second ionization potentials, but which can be 
estimated. The ionization energies rise smoothly, with 
increase of the transition metal atomic number from 
Ti?+ to Zn?+; but the observed heats of hydration do 
not. They show two maxima, with a dip at manganese. 
Orgel attributed these discrepancies to the ligand field 
stabilization. He calculated this as follows. If the 
d electrons could spread freely over all the d orbitals, 
each one would spend °/s of its time on a fz, orbit! and 
2/5 on an e, orbital because of the degeneracies. Thus 
it would have an average energy 4D, if the fz, orbital 
energy be taken as base line; but what is usually done 
is to take the average energy as zero and so to atiribute 
an energy of —4D, to an electron in a tz, orbit: and 
of +6D, to oneinane, orbital. The ligand field c: ses’ 
definite distribution to be adopted, either “high spin’ o! 
“Jowspin” according to the balance of factors,as w« have 
seen. From such considerations we see now that t!:e bot- 
tom line of Table 1 gives the stabilization energie~ of the 
various fixed electron distributions relative ‘0 the 
“average” distribution. The results are repea ed in 
Table 2. 
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J), can be evaluated from the spectra of the hydrates; 
for d-d transitions involving excitation from a ft, to an 
e, orbital occur. 10D, proves to be about 30 kcal. 
So, ‘rom Table 1 and the individual D, values, the effects 
of the ligand field stabilization of the d electrons of the 
cen'ral ion on the heats of formation can be calculated 
and subtracted from the observed values to get the 
resi {ual pure electrostatic energy. This rises smoothly 
fron: Ti+*+ to Zn+* as expected; so the theory is sup- 
ported. D, does not vary rapidly with change of 
met! ion at parity of charge for a given ligand; so 
the : bove figures for the high spin stabilizations suffice 
to stow the existence of the two maxima in the uncor- 
rected curve of heat of formation against atomic num- 
ber. The only marked anomaly remaining is that the 
Cu*+~ hydrate still has too large an energy. This is 
attributed to the Jahn-Teller effect and will be dis- 
cuss-d later. This treatment may be applied for other 
ligands, especially nitrogenous ones; and so far as the 
data go, they can be rationalized reasonably well, 
eg., (or the ethylenediamine complexes. 

A similar treatment can be applied to the complexes 
of trivalent ions and again gives reasonable results. 
10D, for the hydrates is about 60 keal, i.e., about twice 
as large as for the divalent ions. Further, the lattice 
energies of divalent and trivalent halides which show 
similar regularities can be rationalized. A given ligand 
will usually produce different ligand field stabilizations 
in the di- and the trivalent ions because (a) there is 
one less electron in the latter ion to accommodate in 
ad orbital and (b) D, is different for thetwoions. The 
consequences of the different accommodation problems 
will vary from element to element; and the changes 
in the D, values will vary from ligand to ligand. By 
studying the rather complicated differences of stabili- 
zations for the two ions of a given element produced 
by a series of ligands, the effect of ligand on redox po- 
tential can be better understood. 

D, depends very much upon the ligand; it may be 
evaluated quantitatively from the spectrum of a com- 
plex, or assessed qualitatively from the observed spin 
state for those ions which have a choice of high or 
low spin states. The order of increasing ligand field 
strength found for the commoner ligands is: 

< Cl- < F~ < H,0 < C,0,~~ < Pyridine < NH; 
< ethylenediamine < NO.- < CN. 

This explains why [Fe(H.O).]*+ is high spin but 
[Fe(CN).]*- is low spin. On Pauling’s views, these 
compounds would, as we have seen, be called ionic 
and covalent respectively. Now the field produced by 
a ligand is evidently not related simply to its charge 
and its size; the polarizability appears also to be 
mportant: so here is a connection of ideas between the 
dld anc: the new theories, for “polarization” of an anion 
by a cation may be interpreted as an admixture of some 
covale:t with some ionic character, thus, a “strong” 
ligand, i.e., one producing a strong ligand field and 
favoring a low spin state, since it is a more polarizable 
one, cold also be deemed to be bound more covalently, 


Table 2 
Stabilize in Dy 
High pin -@- 4-6-8 0 
Low spin 16 20 24 18 


in Pauling’s terms, and it will be remembered that 
covalent bonding requires a low spin state. On 
Pauling’s theory, double-bonding can occur between 
ligands such as CN~- and many transition metal 
ions; but this finds no corresponding expression in the 
simple ligand field theory. As we shall see, the molec- 
ular orbital treatment can deal with it. In general, 
the ligand field theory in its primitive form is inade- 
quate for explaining the relative “strengths” of ligands 
in the above sense. 

It was previously remarked that the copper(II) 
complexes are anomalously stable, even when a cor- 
rection has been made for simple ligand field stabiliza- 
tion. They are also anomalous in that they tend to 
have an irregular octahedral arrangement of ligands, 
with four at the corners of a square lying close to the 
copper(II) ion, and the other two on the perpendicular 
axis less close (8a). 

An explanation of these facts is provided by the Jahn- 
Teller theorem, the physical gist of which is that if there 
is degeneracy because one d orbital is filled with a pair 
of electrons while another of equal energy is only half 
filled, then by a change of geometry which resolves 
this degeneracy, a more stable state can be obtained. 
Such degeneracy arises in Cu(II) because the possible 
electron configurations are (t2,)°(d,*:)?(d/2:—y2)' or (te,*)® 
Now the and the d,—,: as we have 
previously seen point along the octahedral axis, the 
former along two (+z and —z) and the latter along 
four of them (+2, +y, —2, —y). 

If we suppose that the four ligands in the zy plane 
move in towards the ion while the two on the z axis 
move away, then the d,—,: orbital is destabilized but 
the d, one is stabilized; and if two electrons go into 
the latter while one only stays in the former, the system 
will be more stable than if there had been no distortion 
of the regular octahedron. The opposite distortion, 
with the ligands in the xy plane moving out and those 
on the z axis moving in, can also effect stabilization; 
but the former appears the more effective. Such 
distortions, although they stabilize the central ion, 
can cause destabilization through the loss of ligand- 
approach energy; so a balance is struck. In a free 
molecule, the three axes could take it in turn to be 
the “long” one; and a special vibration would arise. 

In the crystal, however, this vibration is frozen with 
the elongation along a particular axis; and the numer- 
ous crystallographic observations on cupric complexes 
may thus be explained. Similar, though less marked, 
effects have been observed for Mn(III) (9) and 
Cr(II)' complexes where one electron can be in either 
of the two e, orbitals. 

If we suppose that the four ligands in the xy plane 
move still closer to the ion while the two on the z 
axis move off to infinity, to give a square planar com- 
plex, then the d,—,: orbital would be further destabi- 
lized, the d,, would be so also, although to a lesser 
degree, while the d,: orbital would be greatly stabilized. 
The sequence of changes in the levels would therefore 
be, qualitatively, as shown in Figure 3. 

In such planar complexes, the electrostatic approach 
energy of two ligands is lost. Moreover, Cu(II) has 


1 Orgel (5) comments that, alone of the divalent ions, chromium 
forms a diamagnetic acetate which is isomorphous with the 
copper(II) compounds. 
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nine electrons, so one would have to go into the high 
energy d;:,: orbital. This ion is therefore unlikely 
to form such complexes save with special ligands such 
as phthalocyanine. Ni(II), with only eight electrons 
is more likely to do so. With strong field ligands the 
splitting will be large, so such complexes will the more 
readily be formed, the electrons will be confined to the 
four lowest orbitals, and the complexes will be diamag- 
netic. With weak field ligands, however, the splitting 
is less; so the electrons may spread over all five orbitals 
and the complexes may be paramagnetic although 
they are planar. 

The four coordinate complexes would not become 
tetrahedral unless the ligand field stabilization energy 
were greater for this configuration than for the planar 
one.2, Now these energies for tetrahedral fields, ob- 
tained in a similar way to those in Table 2, are seen in 
Table 3. 


Table 3 
6138.4 
18 24 20 


Stabilization in D, 
High spin 
Low spin 


Comparison with Table 2 shows that for the particular 
case of Ni(II) with eight electrons, even if D, = D,’, 
the stabilization is greater for the octahedral complex 
than for the tetrahedral one. If D, = 2D, we can con- 
pare the octahedral and the tetrahedral high spin 
states by taking the ligand field stabilization energies 
for the tetrahedral state from Table 3 and rewriting 
those for the octahedral state from Table 2 as shown 
in Table 4. 


Table 4 


Number of 
electrons i 


Stabilization in Dy, 
octahedralhighspin 8 16 24 12 0 
tetrahedral highspin 6 12 8 4 0 

Octahedral—tetrahedral 
stabilization 
difference in D,’ 


3.4 5 


2 4 16 8 0 14 8 O 


Some very rough estimates suggest that it would 
be still larger for the square planar complex.’ There- 
fore, if for a weak field ligand the field falls so 
much that the square planar configuration loses 
its special stability, it is more likely that the [NiX,]?—- 


2 See however, Gitu, N.S., NyHoum, R. S., anp Pautina, L. 
Nature, 182, 168 (1958). 
If the da) — dz, splitting and the d,, — 
= are each assumed equal to 10 D,, the stabilization is then 
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complex will become octahedrally coordinated by poly- 
merization than that it will become tetrahedral. ‘he 
tetrahedral Ni(II) complexes which have been defini‘ ely 
established‘ appear to have this configuration imposed 
by the steric requirements of the ligands(10). 

Other conclusions relating to the ease of formatio:: of 
tetrahedral complexes can be drawn by compar son 
of Tables 2 and 3, e.g., that Mn?+, Zn?+, Fe*+, "|3+ 
ions, all of which have either 5 or 10 d electrons, shculd 
form tetrahedral ions more readily than would her 
di- or trivalent ions (5). This is true for the ligh 
spin cases, because there is no ligand field stabiliza ion 
for either octa- or tetrahedral complexes, whereas for 
any but the d*, d'° ions the octahedral stabilization is 
greater than the tetrahedral. 

The Jahn-Teller effect could also occur in tetrahedral 
complexes, e.g., of Ni(II), wherein triple degeneracy 
could arise from the incomplete filling of two of the 
three upper f2, orbitals and could be resolved by either 
a stretching or a flattening of the tetrahedron «along 
one of the two fold axes of symmetry to give D,, 
skeletal symmetry (10). The energy levels are changed 
as shown in Figure 4, so the two uppermost orbitals 
would each contain one electron, and the complex 
would remain paramagnetic. 

Before going on to consider more sophisticated the- 
ories, we may consider again the degree to which the 
primitive ligand field theory and Pauling’s valence 
bond theory agree or disagree. Whenever there are 
more than three electrons in a high spin octahedral 
complex or six in a low spin one, the valence bond 
theory states that the bond is ionic (or that d orbitals 
from the next shell are used) because it supposes that 
both e, orbitals are necessary for octahedral covalent 
bonds; so if they are occupied by unpaired electrons 
there can be no covalent bonding; only if there were 
four electrons in the e, orbitals would there again be 
the possibility of covalency, by the use of six orbitals 
from the outer shell. The ligand field theory does 
not require these abrupt changes; and by admitting 
the possibility of polarization of the ligands, it intro- 
duces a degree of covalency. It shows also that the 
absence of electrons from the e, orbitals, as in a low 
spin complex, increases the polarizing power of the cen- 
tral ion on the ligands, while the importance of the d 
orbitals in bonding decreases as their numbers increase; 
but these changes occur gradually (6). 


Molecular Orbital Theory of Complexes 


It has already been noted that the simple ligand field 
theory is inadequate in that it does not explain prop- 
erly the relative strengths of ligands, and it cannot 
take account of double bonding between ion and I- 
gand; furthermore, it gives little information about 
excited states in which charge is transferred froin the 
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metal ion to the ligand or vice versa. That double 
bonding, with its consequent delocalization of electrons, 
actually occurs is shown very directly by electron para- 
magnetic resonance studies (1/1). Also, the marked 
stability of certain complexes with ligands which can 
thus conjugate with the central ion, e.g., pyridine, 
indicates this strongly (4). For these reasons a more 
elavorate theory has been developed, by applying 
the method of molecular orbitals to the problem. 

la this context, it is necessary first to make composite 
orb tals for the ligands as a group, and then to make 
moecular orbitals proper by combining these with 
the atomic orbitals of the metal ion, as symmetries 
permit, to make both bonding and anti-bonding or- 
bitals. Once this has been done, the available electrons 
are put successively into the orbitals of increasing 
energy until they are used up, due regard being paid 
to the effects of electron interactions, and the results 
are then contemplated. In order that this last exer- 
cise may be done intelligently it is necessary to discuss 
in some detail the building up of the molecular orbitals, 
and to define the notation which is necessary. 

Metal atomic orbitals will be designated ¢4;, and so 
forth. Metal orbitals outside the 4p shell are neglected. 
The composite orbitals made from ligand o orbitals are 
designated xa, the letter and the subscript showing 
the symmetry. If an orbital is degenerate, a further 
symbol is added, e.g., in xt1y.2. Those made from li- 
gand x orbitals are designated m2,, and so forth. The 
ligands are numbered, and their spatial relation is as 
shown in Figure 5. 


Le 


Figure 5. 


It is possible to have the following orbitals on a metal 
and for the ligands (Table 5). 


Table 5. Symmetry Classification of Orbitals for Octahedral Complexes (T;, and T.,, Orbitals Neglected) 
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Figure 6. 


The pairs of orbitals, metal atomic and ligand molec- 
ular, of exactly matching symmetry can then be com- 
bined in two ways, to give bonding and anti-bonding 
orbitals respectively. The formal expression of this 
is the writing of orbital functions as shown in Table 6. 
The reason why these are called bonding and anti-bond- 
ing respectively is that electrons in these orbitals give 
rise to a drop or a rise respectively in the energy of 
the system as the ligands are brought towards the metal 
ion. These relations can be shown simply, for a hypo- 
thetical case, as in Figure 6. 

It will be noticed that the 4, metal orbitals are not 
matched by any ligand set of functions or collective 
ligand orbital formed from ¢ orbitals; so electrons in 
these are comparatively unperturbed by the approach 
of the ligands, and these orbitals are therefore termed 
non-bonding. 

An important standard result is that if a molecular 
orbital is compounded of two local orbitals of equal 
energy, then the numerical coefficients of these two are 
equal in both the bonding and anti-bonding functions; 
but when the local orbitals are of different energies, 
then in the bonding molecular orbital the numerical 
coefficient of the local orbital of lower energy is larger 
than that of the other local orbital, but in the anti- 
bonding function, the reverse is true, i.e., the local 
orbital of higher energy has the larger numerical coeffi- 
cient. This means, physically, that electrons in the 
bonding orbital spend more of their time in the region 
of space where that local orbital of lower energy is 


Metal Ligand « Ligand x 
Ai Xa, = 1/V6(o, + o2 + o3 + + + 6) 
Xeg.2 = + 206 — — o2 — — 1%) 
@adz*-y? Xeg.2*-y? = (1/2)(o; + o2 — o3 — 

R Papz = 1/V2(01 — o2 = (1/2)(s2 + mez + + Tex) 

Tru 4 apy = — o) Tuy = (1/2)(my + may + + Tey) 
ups = 1/V2(05 — as) = (1/2)(mie + wee + + 

Podyz = 


(1/2)(4s2 — was + — Tey) 


Table 6. 


Molecular Orbitals for Octahedral Complexes Neglecting x Bonding 


Neg'( + 


Symmetry Non-bonding 
class Bonding orbitals orbitals Antibonding erbitals 
Aig gas +A — A" gas) 
+p’ z) "tu(Xtu.z — M” Parr) 
Noel Gadz*—y? + eg( Xeg.2%y? — 
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large, e.g., on the energy level scheme above, electrons 
in the bonding a, orbital are more on the ligands than 
on the metal; but in the anti-bonding a, orbital they 
spend more time in the region of space where the local 
orbital of higher energy is large, i.e., on the metal. 

As Table 6 shows, there are one bonding ai, function, 
three degenerate bonding 4, functions, and two de- 
generate bonding e, functions. If, therefore, we con- 
sider the placing of twelve electrons from the six 
ligands, and n d-electrons from the metal, the former 
clearly can be exactly accommodated in the ay, tu, 
and e, bonding orbitals, while the d electrons must 
be placed in the non-bonding t2, orbitals and the anti- 
bonding e,* orbitals. These last two levels therefore 
have the same relation and the same sort of function 
as they had in simple ligand field theory; their separa- 
tion is again denoted as 10 D,, and the same principles 
apply as to their filling. 


Table 7 
N' dsdzy k! 


tag bsazz) + 
N' tag + 


tag( k" bsazy) 
N" k" bsazz) 
N° = k" b3dyz) 


One important new point is that the t2, metal orbitals 
are matched in symmetry by 6-type ligand molecular 
orbitals made from ligand-z orbitals (Table 5); so in 
fact the former are not truly non-bonding if the ligands 
have z-orbitals, and this almost always is the case in 
some degree. Even with ligands like ammonia, hyper- 
conjugation is at least formally possible; and, with 
ligands such as the cyanide ion, z-bonding is very im- 
portant. The &, orbitals are therefore split into two 
triply degenerate sets of bonding and anti-bonding 
orbitals (Table 7, Figure 7). 


/ 

/ 


Metal Molecular Ligand Metal Molecular per na 
orbitals orbitals orbitals orbitals orbitals orbitals 


(a) (b) 
Figure 7. 


The former set is depressed relative to the anti- 
bonding e,* orbital which is unaffected, so the splitting 
10 D, is increased, i.e., the ligand is “stronger” because 
it can form z-bonds. 

These z-bonding processes deserve further consid- 
eration. If the ligand z-orbitals are empty and of 
rather high energy, as they are for example in phos- 
phines where they are the 3d, phosphorus orbitals, 
then x-bonding is important; and Orgel suggests that 
this is the cause of the low-spin, or apparent covalency, 
of the phosphine and the arsine complexes, rather than 
a strong interaction between the ligand and the metal 
é, orbitals. If the z-orbitals on the ligands are stable 
and occupied, as they are for the halogen atoms, then 
in the bonding orbital the ligand function predomi- 
nates, i.e., the electrons remain mostly on the ligands; 
but some delocalization occurs, as has been shown by 
electron paramagnetic resonance studies (//). Fur- 
thermore, since the bonding f2, orbital is occupied by 
ligand electrons, any metal d electrons have to occupy 
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Ligand 
orbitals 


Molecular 
orbitals 


Figure 8. 


the anti-bonding &,* orbital. This results in a de. 
crease of 10 D, (i.e., of e,* — te,*) and consequent! y in 
a tendency to produce complexes of maximum un- 
paired spin. The halogen sequence noted above, viz. 
I-<Br-<Cl-<F-, can then be explained as is shown 
qualitatively in Figure 8 where the extra effects of 
m-bonding on the t, orbitals are represented. The 
greater the ionization energy of the halide ion, the 
greater is the ligand field splitting (i.e., e,* — /»,*), 
Such effects may also occur with hydrates. 

In ligands such as the cyanide ions, CN-, both oi the 
bonding z-orbitals of the ion are occupied; but an anti- 
bonding z-orbital, which is of d, type, is empty; 
the shaded orbitals are full (Figure 9), so much the 
same remarks apply as for the phosphines. 

From Table 5 it can be seen that composite ligands of 
ti, type made from ligand z-orbitals can combine with 
those made from ligand o-orbitals and with the metal 
n-orbitals, i.e., with the t,, orbitals of Table 6. This 
would make the ¢;, orbitals more complicated and could 
lead to stabilization of the complex as a whole; but 
it would not affect the relation of the tf, and the auti- 
bonding e,* orbitals so it would not, of itself, affect 
the spins due to d electrons in these two orbitals. 

The energy level schemes such as the one above make 
possible the rational analysis of the absorption spectra 
of many complexes. This has been done particularly 
by H. Hartmann (12) and C. K. Jgrgensen (13). 

Orgel (5) has drawn attention to the interesting possi- 
bility that the high or the low spin states may be sta- 
bilized by effects other than those which we have al- 
ready considered, namely by the tendency of the ligand 
or ligands to favor a long or a short ligand-metal dis 
tance. A low spin state must be produced by trans 
ferring electrons from the anti-bonding e,* to the nor- 
bonding f2, orbitals; so this change corresponds also to: 
reduction in the metal-ligand equilibrium distance. 
If therefore the ligand favors a short distance it will 
favor the low spin state, and vice versa. R. J. }. Wi: 
liams (6) has pointed out that the tris-o-phenanthroline 
iron(II) complex is diamagnetic but that the tris-?- 
methyl-o-phenanthroline one is paramagnetic and much 
less stable; and that this may well be due to steric 


Figure 9. 
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effe ts. If the algebraic sum of the ligand field stabil- 
izaiion energy, the electron interaction energy, and the 
bon | strain energy is much greater than kT, then the 
con plex will exist almost exclusively in one form or the 
othr; but if it is approximately equal to kT, the 
balance may easily be tipped one wavy or the other 
by « change of temperature which could cause a change 
in the spin state and hence a change in the magnetic 
moment. Thus, ferrous protoporphyrin has a moment 
corresponding to four unpaired spins at all tempera- 
tures; but ferrous phthalocyanine has a moment which 
falls as the temperature is reduced, so there appears to 
be a paramagnetic state lying a few hundred calories 
above the diamagnetic one. 

One topic has not been mentioned, viz., the applica- 
tion of ligand field theory to the discussion of reactivi- 
ties of complexes. This has, in fact, been very important 
(14) and for that very reason a proper discussion would 
be too long to be included here. Adverting to the list 
of requirements of a satisfactory theory, itemized 


chemistry problems. 


Two tapes were made. 


The Use of Dictating Machines in General Chemistry Instruction 


A new application of a familiar tool was tried as a self-help approach to the solving of general 
Through the courtesy of Smith and Butterfield, a local office supply firm, 
tape recording dictating machines were made available. 

The problems found at the end of a chapter were discussed. An 


above, it will now be appreciated, from the examples 
and the indications given in this article, that ligand field 
theory has led to their all being better satisfied. 
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effort was made to point out in the preceding chapter or chapters the information which had a 
direct bearing on a particular problem. It was hoped that the correlation of specific textual 
material with a particular problem would enable a student to work out a solution. No solution 
to a problem was given. 

Through the interest and cooperation of the college library staff, the machines and tapes were 
placed on the reserve books section in the college library. Students voluntarily called for a 
machine and tape in the same manner as for a book. A conference room, provided by the library, 
enabled a group of students to listen by using the conference speaker, plugged into the machine. 
A head set enabled an individual student to sit at a table on the main floor of the library and listen 
while disturbing no one. A foot operated switch controls the movement of the tape. In this 
way one may listen, stop the machine, carry out the suggested study of the text and problem re- 
lationship and then move on to the next suggestion. 

Records show that the two tapes were used over a hundred times and that the same students 
used the tapes one to four times. A number of students asked that additional tapes be made on 
other problem sets. The better prepared students, as expected, did not use the tapes. 

The experience with the two tapes indicates that students have an interest in this type of in- 
struction. A further study with additional tapes and a careful analysi: of grades earned and pre- 
dictive test scores will give a greater indication of the actual value of such methods. 
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a are a number of reasons why the 
third centenary of the birth of Georg Ernst Stahl 
should not pass without notice among chemists. 
Scientific knowledge is cumulative, and it befits us to 
look back to our predecessors. Stahl and his phlogiston 
theory stand at a turning point in the development of 
chemistry. But most of all, this man and his work 
have been subjects of more misunderstanding and mis- 
interpretation than any others in the history of chem- 
istry. It is true that the phlogiston theory turned out 
to be “‘wrong’’; that is, it did not stand up under later 
evidence. But it was wrong in a most interesting and 
in a very constructive way; and much can be learned 
from it about the nature of scientific progress. 


The Man and his Time 


Three hundred years is a short time in the history of 
mankind and not a very long one in the history of 
science. Three hundred years ago the scientific revolu- 
tion had already changed physics and astronomy so 
drastically that we recognize their modern form. 
Kepler’s laws had been announced in 1609 and 1618; 
Galileo had written about the startling discoveries he 
made with his new telescope in 1610, and his re- 
searches in dynamics, hydrostatics, pneumatics, and 
acoustics had been published in the “Discourses Con- 
cerning Two New Sciences” in 1638. Newton was 
about to begin his great work which culminated in the 
“Principia Mathematica” in 1687. Yet while physics 
and astronomy had become exact sciences, verifying 
general theories by precise measurement, chemistry re- 
mained the preoccupation of secretive adepts who de- 
scribed their work in mystical and metaphysical terms— 
if they described it at all. 

Into this age of stark contrasts Georg Ernst Stahl was 
born on October 21, 1660, in the Bavarian town of 
Ansbach (/). He studied medicine at the University 
of Jena under Georg Wolfgang Wedel (1645-1721). 
Wedel was one of the leaders of iatrochemistry. This 
school of medicine had been founded by Paracelsus 
(1493-1541), but its teachings harked back to Empe- 
docles of Acragas (2) (5th century B.c.). The iatro- 
chemists saw the origin of disease in the imbalance of 
chemical elements in the body and held that the proper 
task of chemistry was the restoration of physiological 
equilibrium. This seemingly rationalistic doctrine 
was, unfortunately, overshadowed by the character- 
istically Paracelsian addition of the archaei, spirits 
which were thought to rule all bodily processes. The 
archaei, or personified vital forces, interrupt the other- 
wise quite modern connection which the Paracelsists 
made between health, disease, and cure. Disease was 
not to them a purely physical disturbance of the normal 
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Georg Ernst Stahl, 1660 -1734 


equilibrium, but rather the result of improper actions 
on the part of the archaeit, who governed the body, 
Medication called the archaei to order, whereupon t rey 
re-established the normal physiological conditions. 

In his more than 200 medical works Stahl developed 
this view into the less naive and more abstract theory of 
animism, which he expounded fully in his “Theoria 
Medica Vera” in 1708. Stahl’s animistic theory main- 
tains that the process of life, in health as well as in 
sickness, cannot be explained by purely chemica! or 
mechanical means but is dependent on the soul 
(anima). His medical writings are often interpreted as 
a mere extension of Paracelsian mysticism onto more 
defensible ground. His apologists, on the other hand, 
point to the very modern meaning which may be found 
in his work, and see him as a prophet of psychosomatic 
medicine. It is impossible to decide which of these 
views comes closer to the spirit of the man. Stahl is 
too much a figure of the Baroque to be free of contra- 
diction and excess. He certainly had strong pietistic 
predilections, but he also had penetrating intelligence 
and vast knowledge. These may have sufficed to 
oppose him to any purely materialistic theory. We do 
know that he defended animism passionately against 
his medical colleagues. We can also trace its history 
by way of the French vitalists far into the 19th century. 
Chemists will be reminded of the vital force theory 
which claimed that organic substances could be formed 
only in living organisms and which had to retreat before 
Wohler’s synthesis of urea in 1828. 

Stahl’s work in chemistry was entirely incidental to 
his career as a physician and teacher of medicine of 
Paracelsian persuasion. His animism did not prevent 
him from taking a direct empirical approach to the 
practical problems of therapy. In the Paracelsian 
spirit he searched for chemical agents to aid the anima 
in her proper function as well as for chemical theories to 
explain their action. We cannot separate the physi- 
cian from the chemist in Stahl. He contributed to 
both these fields because he considered them one. 

After teaching briefly at Jena, Stahl was appointed 
personal physician to Duke Johann Ernst of ‘“axe- 
Weimar in 1687. In 1693, Frederick III, Elec‘or of 
Brandenburg (who became King Frederick | of 
Prussia in 1701), founded the University of Halle He 
charged Friedrich Hoffmann (1660-1742) with es 
tablishment of the faculty of medicine. Hoffmann was4 
friend and former fellow-student of Stahl, and h: now 
procured him an appointment at the new univ: ‘sity. 
In spite of their friendship, their relations sow) de 
teriorated. Professional rivalry and disagreeme\t 0D 
theoretical grounds were responsible for an incr sing 
tension between them. They nevertheless contin: d to 
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work together. Hoffmann served briefly as court 
physician to King Frederick I of Prussia from 1709 to 
1712. In 1716, Stahl was called to Berlin as physician 
to the second King of Prussia, Frederick William I, who 
had succeeded to the throne in 1713. Stahl never re- 
turned to Halle, but held his court appointment until 
hi: death on May 14, 1734. 


The Phlogiston Theory 


‘he position of Georg Ernst Stahl in the history of 
chemistry rests on his phlogiston theory. Gathering a 
vast array of facts and ideas into a single conceptual 
sysiem, Stahl created a theory that served to relate the 
phenomena of combustion, fermentation, digestion, 
respiration, and decay. It also provided the first co- 
herent logical structure against which chemical re- 
actions tn vitro could be classified. Since Stahl’s 
interest was primarily medical, the phlogiston theory 
grew from the consideration of biological processes. He 
first expounded it in his ‘“Zymotechnica” in 1697 
(Greek zyme—ferment, leaven). This volume forms 
the third part of Stahl’s ““Fundamenta Chimiae”’ which 
were not completed until 1723 (3). 

The application of the theory to combustion is of the 
greatest historical and methodological interest. Here 
it made its greatest and most controversial contribution 
to the growth of science. It stated that all substances 
capable of burning contained a common “principle,” 
the phlogiston, and that this “principle” was liberated 
from the substance in the process of combustion. Sub- 
stances which burned most readily and left little or no 
residue were considered to contain the greatest amount 
of phlogiston. Lampblack, sulfur, and much later 
hydrogen were in turn believed to be very nearly pure 
phlogiston by one or another of the advocates of the 
theory. 


The Roots of the Phlogiston Theory 


Almost all the elements of the phlogiston theory can 
be traced to older sources. The notion that matter lost 
something in the process of burning is found in the 8th 
century in the works of Jabir-ibn-Hayyan (Geber) (4). 
It was almost certainly not original with him. Most 
early observations of burning must have concerned 
organic materials (wood and coal) and probably sulfur, 
all of which form gaseous products of combustion. In 
an age almost completely lacking in quantitative ex- 
periment and entirely unaware of the existence of gases, 
this was the only conclusion with any claim to common 
sense. 

The treatment of combustion, fermentation, diges- 
tion, respiration, and decay as fundamentally related 
phenomena is a very striking feature of the phlogiston 
theory, but it was not entirely novel, either. Connec- 
tions between these processes had been made before, 
eg., by Johann Baptista van Helmont (5) (1577-1644) 
and by John Mayow (6) (1643-1679). 

_ Moreover, a part of the very structure of the theory 
is clearly due to a forerunner of Stahl, the iatrochemist 
Johan!: Joachim Becher (1635-1682). In his “Physica 
Subterranea”’ (1669) Becher rejected all traditional 
élemerts save water and earth. He recognized three 
kinds of earth: stony, vitreous, and oily. The last kind 
(era ninguis), he said, is contained in all combustible 
bodies and is expelled in the process of burning, while 


the stony and vitreous earths remain. Stahl recognized 
Becher as his teacher and publicized his work by having 
the “‘Physica Subterranea”’ reprinted in 1703. 

Becher’s “oily earth’ became Stahl’s “phlogiston,”’ 
but the name of the concept has also a previous history. 
The word “phlogiston” had been used in less specific 
connotations by van Helmont and by Robert Boyle. 


The Great Synthesis 


The evidence which traces various aspects of the 
phlogiston theory to older sources does not detract from 
its originality. It only shows that it was not a wilful 
and arbitrary notion which sprang in its entirety from a 
single brain inclined to metaphysical speculation, as is 
sometimes suggested. Rather it was the ingenious 
combination of many threads into one piece of whole 
cloth: It was a great synthesis of ideas. For the first 
time chemistry had produced what has since become the 
recognized aim of science: a universal law. 

The fact that it has not withstood the weight of 
evidence accumulated within the century after its in- 
ception must not be thrown into the balance against it. 
The function of theory in science is to provide the 
framework within which experimental work proceeds 
and which guides the experimental scientist. A 
“false” theory may serve this function as successfully 
as a “true” one; it certainly serves it much better than 
no theory at all. The phlogiston theory was in accord 
with all the evidence of the times (7). It served to 
correlate a large body of evidence and spurred the ex- 
perimental work of the next hundred years. The 
great discoverers of the 18th century were all phlogiston- 
ists: Priestley, Cavendish, Scheele, Richter, Marggraf, 
Black, Berthollet, and of course Lavoisier himself until 
he developed his own opposing theory. 

Its rapid and universal acceptance by all the scien- 
tists of the age shows that men in various fields con- 
sidered it an advance. Like any advance, it was 
achieved at a price. It may be argued against the 
phlogiston theory that it shifted the emphasis of 
future inquiry in a particular direction. This is true of 
any theory. This direction will then be most widely 
followed, and other directions will necessarily be 
neglected. The phlogiston theory may have led to a 
neglect of the problem of weight; but it is at least an 
open question whether that problem was ripe for in- 
tensive study with the methods of science in the early 
18th century. 

The phlogiston theory could be fitted into all of the 
existing philosophies of matter. “It satisfied the 
Cartesians because it gave a chemical significance to the 
effects of motion, because it considered the appearance 
and the form of substances rather than their weight, 
and because the shape of particles was used to account 
for the physical state of matter. It satisfied the Atom- 
ists because it was based on the notion of particles. It 

was going to satisfy the Newtonians because it adapted 
itself perfectly to the concept of affinities so that phlo- 
giston could stand at the head of any affinity table. (8).” 


The Apparent Contradiction 


There was, however, one difficulty which seems quite 
insurmountable to us in the 20th century and which 
forms the basis of the highly condescending attitude 
which many modern chemists take toward the phlogis- 
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ton theory. When Stahl announced his theory in 1697, 
there was a considerable body of evidence showing that 
the weight of metals increases on calcination (oxida- 
tion). One often reads that the phlogiston theory was 
conceived in ignorance of this fact, and that it was 
defended by trying to explain away empirical evidence 
that accumulated after the theory had been widely 
accepted. That is not the case. The experimental 
work was well established and widely known long before 
Stahl. 

Thus Hamerus Poppius, in his ‘Basilica Antimonii’”’ 
(1618) reported the calcination of a weighed quantity of 
antimony on a marble slab by means of a concave 
mirror which focused the heat of the sun. He found an 
increase in weight (9). 

The most widely known pre-phlogiston work on the 
problem is that of the French physician Jean Rey, first 
published in 1630 (10). Rey demonstrated an increase 
in the weight of tin on placing it on a hot iron ingot 
and concluded immediately that this increase “‘could have 
no other cause than the admixture of condensed air.” 
He does not seem to have experimented with lead, but 
he mentions that Girolamo Cardano (1501-1576), 
Joseph Scaliger (1540-1609), and Andreo Cesalpino 
(1519-1603) had done so and that they all had found an 
increase in weight. 

Rey’s work was not widely known until Bayen re- 
published it during his priority controversy with 
Lavoisier in 1775. However, Robert Boyle repeated 
and confirmed it. In his book “‘The Sceptical Chymist”’ 
(1661), he also noted that coal and sulfur will burn in 
an open vessel but not in a closed one, even if kept at 
red heat, and he concluded that heat alone had no 
chemical effect. Although he was at this point close to 
involving air in combustion, he later changed his tack. 
In his “Fire and Flame Weighed in the Balance’’ (1673) 
he explained the increase in weight during the calcina- 
tion of metals by the absorption of particles of heat or 
fire from the furnace. 

In his ‘Five Medico-Physical Treatises” (1674), 
John Mayow ascribed the increase of weight of anti- 
mony on burning to “the fixation of nitro-aerial par- 
ticles.”” The works of Boyle and Mayow, at least, were 
widely known among contemporary scientists. 

After the phlogiston theory was well established, 
additional instances of weight increases were reported. 
Thus Hanckewitz-Godfrey (//) in 1733 and Marggraf 
(12) in 1740 wrote on the combustion of phosphorus. 

How was it possible, then, that this large amount of 
publicly recorded evidence was not brought to bear 
against the phlogiston theory? 


Substance and Principle in the 18th Century 


The answer lies in the somewhat surprising fact that 
weight relations between reactants and products in a 
chemical process were not considered relevant to the 
phlogiston theory until at least the middle of the 18th 
century. Phlogiston was, after all, not a substance; 
it was a “principle.” ‘It was of the same kind as cer- 
tain other intangible and imponderable agents whose 
existence had never been doubted and who played a 
recognized role in the operations of chemistry, such as 
light, magnetism, and electricity (8).’”’ One might well 
add gravity to this list of “principles.” Today, we 
would classify such phenomena as forms of energy. To 
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the scientists and philosophei _.. the eighteenth cent iry 
they came closer to the category of properties. r 

The argument of the phlogiston theory starts y ith 
the tautological observation that all c»mbustible bo {ies 
have something in common, namely the ability to bir 
They have the property of being combustible. Phe sis- 
ton is a new name for the property (Greek phlogist, ;— 
inflammable). Bodies having this property may ose 
it. They lose it in the process of burning. Hence c m- 
bustion removes the property “phlogiston.” 

The next step, which changes a property into an 
object, is perfectly natural within the philosop} cal 
views of the time. They were governed by Plat. nic 
idealism, which has also been called realism, and for 
which Popper (/3) has suggested the more descriy) ive 
term essentialism. Essentialism holds that we c:|| a 
body “‘white’”’ because it has the intrinsic propert\ of 
‘‘whiteness.”’ A property, denoted by a universal term 
(e.g., whiteness), is a universal object, just as my pen, 
denoted by a singular term, is a singular object. These 
universal objects (called by Plato “Forms” or “Ideas,” 
and later ‘‘Essences’’) were held to be the proper sub- 
ject of study by scientists. They were considered no 
less real than singular objects, and in principle capable 
of existing by themselves. Anyone who finds these 
views naive should be reminded that they are taken 
today, in one form or another, by some philosophers. 

If phlogiston is such a universal object, it makes no 
more sense to ascertain the loss or gain of phlogiston by 
weighing metals and their products of combustion than 
it does to ascertain the whiteness of a piece of paper or 
the virtue of a young lady by putting them on the scales. 
If there is, in fact, a change of weight accompanying the 
change of a property, it might equally likely be an in- 
crease or a decrease. 

All this does not mean that the question of weight was 
not considered by the phlogistonists. But it does 
mean that the phlogiston theory could not be falsified by 
empirical facts about weight relationships. When the 
phlogiston theory yielded to the “pneumatic theory” of 
Lavoisier, it was not upset by a single “crucial” ex- 
periment (14). Instead, it was replaced, in toto, by 
another comprehensive theory which had the additional 
advantage that it also accounted for the known changes 
of weight. Yet, for a time at least, thoughtful men 
like Cavendish considered that both theories expl:ined 
the known facts about equally well—a statement that 
has an uncannily modern flavor in the role which it 
assigns to theory in science. 

Thus Stahl and his followers were fully aware 0! the 
increase of weight which metals undergo on calcin: tion. 
The phenomenon did not threaten their theory be: use 
it stood outside as an unrelated fact, but this in ‘tself 
was unsatisfactory. Attempts were therefore m: ‘ec to 
assign additional attributes to phlogiston which \ ould 
relate the weight changes to the qualitative theor,._ If 
these attempts strike us today as rather naive, we \iust 
remember that the physics of gases was then in : = in- 
fancy while the chemistry of gaseous substances d\_ not 
yet exist. We must also remember that the disti! tion 
between absolute weight and relative weight (de: -ity) 
was not clear. The terms “heavy” and ‘dense’ vere 
used very loosely and often interchangeably. | vel 
today we speak of “heavy” metals when we are «uly 
referring to density.) 
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Stahl first found it s. «cient to say that when a body 
lost its inflammable principle, the “concrete part’’ re- 
maining would naturally be heavier. Later he ex- 
plained that the escape of the phlogiston must leave 
»1)pty spaces which the air compresses and thus renders 
“)eavier.”” This is a clear case of confusing “heavy” 
and “dense.’’ Stahl’s contemporaries did not find it 
alarming. Later in the 18th century the concern with 
weight became more pressing and quantitative explana- 
tions had to meet more demanding standards of con- 
ceptual consistency. Chardenon distinguished specific 
and absolute weight in 1763, and he offered the hy- 
pothesis that phlogiston decreased the absolute weight of 
anv body with which it combined (15). This led to the 
formulation that phlogiston had a negative weight, a 
staiement that is often ridiculed in modern discussions 
of the theory. Actually, the distinction between 
“liehter than anything” and “lighter than nothing” was 
not sharply drawn, and the term ‘negative weight” 
actually implied no more than that phlogiston had a 
lower density than any known substance. Under this 
interpretation it would be perfectly true that a body, 
on combining with phlogiston, would increase only its 
mass but decrease its weight in air. The analogy is that 
of a balloon filled with hydrogen. On losing hydrogen, 
it will become “‘heavier’’ i.e., it will increase its weight 
in air, though not its weight in vacuo. 

The phlogistonists easily accommodated the purely 
qualitative fact that air is essential to combustion. 
They stated that the air was required to combine with 
the phlogiston which the burning substance liberated. 
This also solved the difficulty that phlogiston, though 
in principle capable of independent existence, had never 
been found in the pure state. The reason for this could 
be seen by assuming that phlogiston was not simply 
given off as such, but was transferred in a sort of meta- 
thetical reaction from the inflammable substance to the 
air, which thus became “phlogisticated.” Air which 
had been thoroughly phlogisticated could, of course, no 
longer support combustion: It was incapable of accept- 
ing any more phlogiston. 

Conversely, when Priestley first isolated oxygen, it 
was to him simply ‘dephlogisticated air,” that is, air 
which contained no phlogiston whatever and was there- 
fore able to support combustion and respiration much 
better than ordinary air (16). 

Some of these arguments may help to show what has 
been shown in greater detail by Scott (7): That the 
phlogiston theory was qualitatively adequate to deal 
with a large number of empirical observations and that 
no single new fact could easily dislodge it. When it 
gave way to the pneumatic theory of Lavoisier, an old 
axiomatie system yielded to a new one which was both 
simpler in concept and which did not require as many 
ad hoc hypotheses as the phlogiston theory did. Lavoi- 
sier first expressed his doubts in the existence of phlogis- 
ton publicly in 1777, but took an uncompromising 
position only in June, 1785, when he submitted his 
“Reflexions sur le phlogistique” to the French Academy. 
The battle was short; it was essentially won with the 
publication of his “Traité élémentaire de chimie”’ in 
1759, though rear-guard action by the older generation 
of the phlogistonists continued into the first decade of 
the 19th century. 


The Historical Role of the Phlogiston Theory 


To the modern chemist, the phlogiston theory is 
merely a defunct system which uses concepts so far re- 
moved from modern thought that it must strike even 
the beginning student of chemistry as quite absurd. 
Yet it is one of the great landmarks in the history of 
chemistry. It was the first reasonably comprehensive 
theory of chemical change; indeed, it was the first 
theory of pure chemistry that deserves the name as we 
understand it today. 

It gave a new dignity to chemistry by changing it 
from the mercenary pursuit of goldmakers and quacks 
into the proper concern of natural philosophers. 

It stimulated experimental work by providing, for 
the first time, a theoretical structure within which 
empirical work could be planned, carried out, and re- 
lated to other work in the field. It spurred its sup- 
porters and later its opponents in their search for 
relevant facts. It must therefore be credited with 
much of the explosive growth of chemistry in the 
eighteenth century, including the discovery of the 
gases and the work of Lavoisier which triggered the still 
more spectacular development in the nineteenth cen- 
tury. 

Stahl deserves to be remembered for many of his 
other contributions to chemistry. He recognized that 
salts were products of reactions between acids and 
bases, established differences in the strength of acids, 
and first distinguished sodium and potassium in their 
compounds. These advances have weathered the 
centuries as his theory has not, but it is his theory that 
sets him apart from other men of his time as a great 
innovator. The healthy pragmatism of science makes 
us forget too easily what is no longer a useful tool in our 
work. Most current textbooks of general chemistry do 
not mention the phlogiston theory at all. The few 
that do often fall into the errors we have discussed. 

Textbooks, of course, have more urgent business than 
to erect monuments to the grandiose errors of the past. 
But future chemists are not well served by perpetuating 
the legends that the phlogiston theory retarded the 
progress of chemistry, or that it was held, in blatant 
contradiction to the facts as they were then known, by 
doctrinaire and unscientific dreamers. 

The man who was born 300 years ago built the 
methodological foundation of our science. We no 
longer use his structure, but we build in the same 
manner as he did, and we owe him a debt for showing 
us the way. 


Literature Cited 


(1) The biographical information is based on Kocu, R., “‘Stahl,’’ 
in Buaeer, G., ed., “Das Buch der grossen Chemiker,”’ 
Verlag Chemie, Weinheim/Bergstrasse, 1955, vol. 1, p. 
192. 

(2) Sarton, G., “Introduction to the History of Science,” 
Carnegie Institution of Washington, Baltimore, 1927-48, 
vol. 1, p. 87. 

(3) Fereuson, J., “Bibliotheca Chemica,’’ Maclehouse, Glas- 
gow, 1906, vol. II, p. 399. 

(4) Jeans, J., “The Growth of Physical Science,’’ 2nd ed., 
Cambridge University Press, 1951, p. 106. 

(5) Srrunz, F., “Van Helmont,”’ in Buaas, G., ed., op. cit., p. 
142. 

(6) Wo tr, A., “A History of Science, Technology and Philoso- 
phy in the 16th and 17th Centuries,’ The Mac Millan Co., 
Inc., New York, 1935, p. 344. 


Volume 37, Number 10, October 1960 / 509 


(7) Scort, J. H., J. Cuem. Epuc., 29, 360 (1952). 
(8) Daumas, M., in Taton, R., ed., “Histoire Générale des 
sciences,’’ Presses Universitaires de France, Paris, 1958, 
vol. 11, p. 353. 
(9) Wo tr, A., op. cit., p. 334. 
(10) Alembic Club Reprint no. 11. 
(11) Hancxewrrz, A. Goprrey, Phil. Trans., 33, 58 (1733). 
(12) Maraerar, A. S., Miscellanea Berolinensia, 6, 54 (1740); 
Kocu, R., op. cit., p. 231. 


(13) Popper, K. R., “The Poverty of Historicism,’’ Bea... 
Press, Boston, 1957, p. 27. 

(14) See the paper by Touxmrn, S. E., in Wiener, P. P., 
Nouanp, A., eds., “Roots of Scientific Thought,’’ B; sic 
Books, New York, 1957, p. 481. 

(15) Daumas, M., op cit., p. 557. 

(16) Wor, A., “A History of Science, Technology, and !'\jj- 
losophy in the Eighteenth Century,’’ 2nd ed., Allen : 1d 
Unwin, London, 1952, p. 352. 

(17) Davumas, M., op. cit., pp. 551-559. 


Lillian N. Ellis and Marjorie Fox! 
Douglass College, Rutgers University 
New Brunswick, New Jersey 


cident with the experiments avail- 
able in the organic laboratory manuals has emphasized 
the need for a simple, visual experiment demonstrating 
the principles of extraction. The experiment to be 
described here was found to be satisfactory either for a 
laboratory exercise, using student equipment, or for a 
lecture demonstration.?, The amount of solute remain- 
ing after single and multiple extractions was evaluated 
colorimetrically, on a semiquantitative scale, by com- 
parison with standards. 

The following procedures were found to give satis- 
factory results. A saturated solution of salicylic acid 
was prepared by dissolving 0.3 g of the acid in 150 ml 
hot, distilled water. A fresh solution of the color devel- 
oper was prepared by dissolving one g of iron(III) 
chloride (FeCl;.6H,O, Baker, anal.) in 10 ml of water. 
For the first test (7':), 15 ml of the salicylic acid solution 
was extracted with an equal volume of the organic ex- 
tractant, pure n-butyl acetate. The water layer was 
separated and reserved for subsequent testing. The 
same technique was used for a second test (7) with the 
exception that 30 ml of the extractant was used. In 
the third test (73), two consecutive 15-ml portions of 
the extractant were used. 

A series of six standard solutions of salicylic acid were 
prepared in order to estimate the amount of acid re- 
maining in the water layer after extraction. The first 
standard (S;) was distilled water. The remaining five 
standards were prepared by diluting the original acid 
solution with distilled water in the following amounts: 
(S2) one ml of the acid solution to 300 ml final volume; 
(Ss) one ml to 200 ml; (S,) one ml to 100 ml; (S;) 2 ml 
to 100 ml; and (S.) 3 ml to 100 ml. Stronger stand- 
ards were not required when proper extraction tech- 
nique was used. 

For the final evaluation, 10 ml of each of the ex- 
tracted water solutions was placed in an appropriately- 
labeled test tube. Ten ml of each of the six standard 
solutions was treated in a similar manner. To each 
tube wereadded 2 drops of the freshly-prepared iron(III) 
chloride solution. The tubes were shaken and the 


1 Present address: Junior College of Kansas City, Kansas 
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2 Buank, E. W., J. Cuem. Epuc., 12, 179 (1935). 
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A Simple Extraction Experiment 


pink-purple color which developed in the test solu’ ions 
was matched as closely as possible to the appropriate 
color in the standard solutions. 

In repeated tests the following results were obtained: 
T, closely matched the color of S;; 72 that of S,; and 
T; fell between that of S; and S:. These results demon- 
strated, as would be expected from theory, the differ- 
ence between multiple versus single extraction, i.e., 
that in 7; the least amount of acid remained. 

In order to test the reproducibility of the experiment, 
the optical density of the purple-colored solution of 
both the test and standard samples was determined at 
530 my in four separate experiments. From the close- 
ness of the data it was evident that the experiment was 
reproducible and that the visual comparison of the test 
with the standard solution was valid. 

The close matching of 7, to S; and of T2 to S; pro- 
vided the basis for calculating the per cent of salicylic 
acid extracted. In addition, the coefficient of distri- 
bution, K, could be calculated and was found to be 
about 50. When this K was used for 73, the multiple 
extraction test, the mg of salicylic acid remaining was 
estimated to be less than Sp. 

The solute and extractant were selected for stability in 
storage, safety in handling, and stability of the colored 
phenol-iron(III) complex formed. The purple color 
lasted several hours because of the chelate formed’ 
and the favorable pH.* The color developed when 
resorcinol was tried as the solute was less stable due to 
inner salt formation. A number of extractants were 
possible but, except for the pure n-butyl acetate, re- 
quired prior washing until free from impurities decolor- 
izing potassium permanganate. Technical n-buty! ace- 
tate, pure n-propyl acetate, and sec-amyl alcohol could 
be used under these conditions. The following ex- 
tractants were found to be unsuitable: ethyl ac»tate 
because of the low solub'lity of the solute; diethy! and 
diisopropyl ethers because of permanganate active sub- 
stances remaining after repeated washings; and /erl- 
amyl alcohol and cyclohexanol because of the forma- 
tion of stable emulsions. 


PankRaTz, R. E., AND BANDELIN, F. J., J. Amer. / 
Assoc., 41, 267-70 (1952). 

‘Sotoway, 8., 8. H., Anal. Chem., 24, 979-8 
(1952). 
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Fiammable, explosive, and toxic ma- 
terials are commonly encountered in the chemistry 
laboratories at the high school, college, and graduate 
school level. Handling and storing these materials 
presents a very real safety problem, as was indicated in 
Part I of this series of articles. In this article, the 
behavior of toxic and flammable materials will be dis- 
cussed in more detail. Obviously, this discussion can- 
not include all possibly hazardous materials and ref- 
erences listed in the bibliography should be consulted 
for additional information. 


Flammable Materials 


Evaluation of the fire hazard associated with any 
particular material is usually made in terms of the flash 
point, ignition temperature, explosive limits, and 
specific gravity of the material. 

The flash point is the lowest temperature at which a 
liquid gives off vapors near its surface in sufficient 
quantities to form an inflammable mixture with air. 
The lower the flash point, the more likely is the material 
to be ignited by a flame, spark, or hot surface. 

Flash points are determined either “closed cup” or 
“open cup.” In the closed cup determination, a sample 
of the material is heated, under carefully prescribed 
conditions, in a closed system charged with air. As the 
temperature is raised, an electric spark or a small flame is 
applied to the vapors near the surface of the liquid and 
the temperature at which the vapors flash is recorded. 
The open cup determination is performed in a similar 
fashion. In the open cup determination, however, 
some vapor escapes during the test, the vapor is some- 
what cooler than in the closed cup test, and the open 
cup flash point is thus usually from 2 to 50° higher 
than the closed cup flash point. 

The auto-ignition temperature of a gas or vapor is the 
“lowest temperature to which any part of a flammable 
vapor- or gas-air mixture must be raised 
combustion which will propagate itself (/).”’ Prop- 
agation of a flame refers to the spread of a flame from 
layer to layer of the vapor-air mixture, independent of 
the source of ignition. The ignition temperature of a 
solid is that temperature to which any part of the solid 
must be raised to cause self-sustained combustion. 
Stated in other terms, the auto-ignition temperature is 
“the lowest temperature at which a vapor on coming 
In contact with the air will ignite spontaneously (5).” 

Obviously, these two parameters alone do not serve 
as the sole index of the fire hazard of a particular ma- 
terial. Combustion is an extremely complicated chem- 
leal reaction, the rate of which will be dependent not 
only pon the temperature of the system and the con- 
centr: tions of the reactants, but also upon the state of 
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subdivision of the reactants and the presence of foreign 
material which can accelerate or inhibit the reaction. 
The more finely a combustible solid is subdivided, the 
more rapid will be the reaction; the ignition tempera- 
ture is lowered. Foreign material may lower the ac- 
tivation energies of the combustion reactions, accelerate 
the reaction, and thus lower the ignition temperature; 
or foreign material may prevent interlaminar flame 
propagation or act as a free radical scavenger, inhibit 
the combustion reaction, and raise the ignition temper- 
ature appreciably (2). Tables of flash points and 
ignition temperatures should be taken as guides in de- 
termining the fire hazard of a particular material—not 
as a quantitative indication of conditions of safety. 

The explosive limits are the maximum and minimum 
concentrations of vapor in air beyond which flame 
propagation does not occur when the mixture is in 
contact with a source of ignition. These maximum 
and minimum concentrations, usually expressed as per 
cent by volume of vapor in air, are known as the 
upper and lower explosive or flammable limits. Mix- 
tures below minimum concentrations are too “lean” 
to explode; those above are too “rich.” The region 
between the explosive limits is termed the explosive 
range and is usually a rather narrow zone at low con- 
centrations. Explosive limits are not appreciably 
affected by normal changes in temperature and pressure, 
but at high temperatures the explosive range does 
widen. As a general rule, the wider the explosive 
range, the easier a flammable mixture can be attained. 
The fact that the explosive range is usually at low con- 
centrations implies that very small quantities of ma- 
terials can give rise to very great fire hazards; the 
“empty” drum of benzene is a greater hazard than the 
filled drum. 


Any chemist who 
thinks the subject of 
the photograph looks 
like a man from Mars 
should be ashamed. 

The correct attire and technique being demonstrated are all too 
conspicuous by their absence in some academic laboratories. 
This is why readers’ attention is focused on the series of three 
articles devoted to laboratory safety. The first was in the Sep- 
tember issue, 37, 446 (1960) and the third will appear in Novem- 
ber. The picture is used through the courtesy of Mr. Daniel P. 
Webster, Staff Representative for Higher Education, National 
Safety Council, 425 North Michigan Ave., Chicago 11, Illinois. 
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The specific gravity of a solid or liquid, expressed 
relative to water as 1.00, and the vapor density of a gas 
or vapor, expressed relative to air as 1.00, are also pa- 
rameters important in evaluating the hazards of a par- 
ticular material. Solids or liquids with a specific 
gravity less than 1.00 and which are water immiscible 
will float on the surface of water. Should these ma- 
terials be introduced into the sewer or drain system, 
they may be carried along for great distances, filling 
the sewer with flammable vapors. Ignition of these 
vapors may spread destruction over a wide area. Also, 
application of water to a fire involving these materials 
will spread the fire over a wide area as the burning 
liquid floats on the moving water. Materials with a 
vapor density greater than 1.00 are heavier than air 
and tend to flow spontaneously to low points in the 
laboratory, cling to bench tops, and flow along the floor. 
These vapors can travel great distances to a source of 
ignition. Laboratory ventilation is usually poor at 
floor level and explosive concentrations of vapor can 
build up readily here. 

In Table 1, the closed cup flash point, ignition tem- 
perature, specific gravity, vapor density, and explosive 
limits for a number of the common flammable materials 
are tabulated. More extensive tabulations can be 
found in the sources listed in the bibliography (1, 3, 4, 
5). 


Health Hazards 


That a fire hazard is associated with the use of many 
common chemicals in the teaching and university re- 
search laboratories is usually well recognized. That 
many commonly encountered chemicals also present a 
personnel health hazard is perhaps not so obvious. 
These health hazards are, however, quite real. More 
detailed accounts of, and sources of information con- 


Table 1. Properties of Flammable Materials (2, 


Closed cup Igni- Explosive Specific 
flas tion limits in air gravity 

(volume %) 

lower upper 

57 


10.13 
13.0 


point temp. 
Compound (°C) 


Acetaldehyde 
Acetic acid (glacial) 
Acetic anhydride 
Acetone 
Acetylene 
Ammonia 
n-amyl acetate 
Aniline 
Benzene 
n-butane 
n-butyl alcohol 
arbito! 
Carbon disulfide 
Cellosolve 
Cyclohexane 
Cyclohexanol 
p-dichlorobenzene 
Dioxane 
Diethy] ether 
Ethyl acetate 
Ethyl alcohol 
Ethylene glycol 
Ethyl nitrate 
Gas, illuminating 
Gas, natural 
Glycerine 
n-hexane 
Hydrogen 
Kerosine 
Methane 
Methylacetate 
Methyl alcohol 
Methyl cellosolve 
Methyl ethyl ketone 
Mineral oil 
Naphthalene 
Petroleum ether 


an 


WOO NOR: 


OO: a: - 


eno! 
Phthalic anhydride 
n-propyl alcohol 
Pyridine 
Toluene 
o-xylene 


w- 
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cerning, chemical health hazards may be found in t};e 
references given in the bibliography (3-9). 
Injurious chemicals may enter the body in three way -: 


(1) Through the lungs. Toxic chemicals are most 
frequently encountered as vapors, gases, or dusts ¢i- 
taminating the laboratory air. Inhalation of thse 
chemicals may irritate the mucous membranes of | ::¢ 
respi: atory system and open the way for infecti., 
Further, the lungs are the main path for the abso: )- 
tion of gases into the blood and hence poisonous che n- 
icals, when inhaled, are readily able to interact w th 
tte blood and/or be dispersed rapidly by the bleod 
stream to all parts of the body. Inhalation of toxic 
chemicals can be prevented by the use of properly «/e- 
signed fume hoods and personnel-protective devi-es 
such as gas masks or respirators. Completely clo-ed 
systems, under vacuum, may be necessary when hiin- 
dling very toxic gases. 

(2) Through the stomach. Usually, a materia! is 
absorbed by ingestion as a result of carelessness or ‘in- 
cleanliness. Eating and drinking in the laboratory is 
hazardous, particularly if laboratory beakers and boi ‘les 
are used as cups or for storage of food. The all too 
common practice of pipetting by applying suction to 
the pipet by mouth has been responsible for numerous 
cases of poisoning by ingestion. 

(3) Through the skin. Although the skin is imper- 
meable to most substances, some can penetrate the 
skin readily; all can be absorbed through cuts or forced 
in by broken glassware. Some chemicals damage the 
skin and then may be absorbed through the damaged 
area. 


Physiological Action of Chemicals 


Chemicals such as the gases hydrogen chloride, sulfur 
dioxide, and ammonia, are primarily irritants to the 
mucous membranes of the respiratory tract and to the 
eyes. In the respiratory tract, these gases cause an 
expansion of the blood vessels, secretion of plasma, and 
narrowing and blocking of the passageways. These 
irritated mucous membranes are particularly liable to 
infection. Further, if the very fine air sacs, the alveoli, 
in the lung fills with plasma, the useful volume of the 
lung is diminished and oxygen deficiency results. 

Chemicals absorbed through the lungs will be dis- 
tributed rapidly throughout the body. Many materials, 
in particular alcohols, esters, the chlorinated hydrocar- 
bons such as carbon tetrachloride, and both the aro- 
matic and aliphatic hydrocarbons, act as narcotics and 
affect the nervous system. Dizziness, headaches, and 
symptoms similar to those observed for alcoholic int oxi- 
cation may appear. Damage to the respiratory center 
may result in death. 

Not only may harmful chemicals be carried by the 
blood but they may also directly react with the }!ood 
and act as blood poisoners. For example, aromatic 
amines and nitroso and nitro compounds appe:' to 
convert hemoglobin into the much more stable m:the- 
moglobin. Methemoglobin will not give up its ox: gen 
to the tissues and serious oxygen deficiency re«lts. 
Further, the formation of methemoglobin is fol! wed 
by destruction of the red blood corpuscles, leadi: < to 
further oxygen deficiency. 
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Table 2. 


Concentrations (MAC) for 


Threshold Limit Values—Maximum Allowable 
Exposure During an Eight-Hour 


Day 
MAC MAC 
Compound (ppm) Compound (ppm) 
Acetaldehyde 200 Ethy] alcohol 1000 
Acetie acid 10 Ethyl] ether 400 
Acetic anhydride 5 Ethylenediamine 10 
Acetone 1000 Fluorine 0.1 
Ammonia 100 Formaldehyde 5 
Amy] acetate 200 Gasoline 500 
Aniline 5 Hydrazine 1 
Arsine 0.05 Hydrogen chloride 5 
Beuzene 35 Hydrogen bromide 5 
Bromine 1 Hydrogen cyanide 10 
n-butyl aleohol 100 Hydrogen fluoride 1 
Carbon dioxide 5000 Hydrogen sulfide 20 
Carbon disulfide 20 ine 0.1 
Carbon monoxide 100 Methy! acetate 200 
Carbon tetrachloride 25 Methy! alcohol 200 
Celiosolve 200 Nicke! carbonyl 0.001 
Chiorine 1 Nitrobenzene 1 
Chloroform 100 Nitrogen dioxide 5 
Cresol 5 Phenol 5 
Cyciohexane 400 Phenylhydrazine 5 
Cyclohexanol 100 Phosgene 1 
Diborane 0.1 Phosphine 0.05 
Dimethylaniline 5 Pyridine 10 
Dimethy] sulfate 1 Sulfur dioxide 10 
Dioxane 100 Toluene 200 
Xylene 200 


Carbon monoxide is another material which inter- 
acts directly with the blood. Since carbon monoxide 
has about 300 times the affinity for hemoglobin as does 
oxygen, absorption of carbon monoxide into the blood 
blocks the ability of the hemoglobin to carry oxygen, 
and serious, often fatal, oxygen deficiency results. 

The action of hydrogen sulfide (10) and hydrogen 
cyanide with the body appears to proceed by still a 
different pathway. These two gases, often encountered 
in the undergraduate laboratories, block cell metabolism 
and oxygen uptake by their action on various vital 
enzyme systems. 

Finally, some materials, such as benzene, will cause 
direct disintegration of the red blood corpuscles through 
their action in the bone marrow. 

Although the absorption of chemicals through the 
lungs is the prime health hazard in most teaching and 
university research laboratories, a second almost 
equally important hazard arises from the interaction of 
chemicals and the skin. 

Organic solvents such as benzene, carbon tetra- 
chloride, and ether dissolve the protective oils and 
waxes in the skin, making the skin permeable to the 
solvent and allowing the material to enter the body. 
Further, the skin is strongly irritated by this contact and 
eczema or other forms of dermatitis may result. 
Amines, phenols, and nitro compounds are particularly 
hazardous. Many fused ring aromatic systems are 
potential carcinogenic materials. 

Strong acids and bases will cause burns of the skin 
quite comparable to burns due to heat. Tissue de- 
struction may be extensive; and if the eyes are involved, 
temporary or permanent blindness may result. 

Asile from direct damage to the body by toxic ma- 
terial-, indirect damage may result by the operation 
of the body’s defense mechanisms. The body will often 
attempt to render the toxic material less harmful or 
toexcrete the material rapidly. For example, vomiting 
and diarrhea may result from the ingestion of toxic ma- 


terials. Toluene may be oxidized to benzoic acid which 
then combines with glycine and is excreted as hippu- 
ric acid in the urine. Unfortunately, some of the 
products of these in vivo reactions are themselves quite 
toxic and often the increased load placed upon the ex- 
cretory system will cause severe and permanent damage. 

Very small quantities of toxic material can often be 
taken into the body without serious damage. The 
body may be able to cope with this material through its 
defense mechanisms or may be willing to tolerate the 
low concentration of toxic substances. However, the 
body can only do so much. If the concentrations of 
toxic material pass a certain threshold value, which 
differs for each individual and for each toxic substance, 
the body cannot cope with the problem and injury to 
the system occurs. 

Many toxic materials are not excreted rapidly by the 
body and repeated exposures to quantities of these 
materials, too small to be harmful per se, may cause 
buildup of concentration in the body until the threshold 
value is exceeded and poisoning results. Materials 
of this type, of which mercury is a prime example, are 
said to be cumulative. Repeated absorption of a 
toxic material may even lower the threshold, increasing 
a particular individual’s sensitivity to the material. 

The body may or may not give warning of the pres- 
ence of toxic substances. Some materials are im- 
mediately determined by smell, taste, irritation of the 
mucous membranes, pain etc.; others are not since their 
reactions are either pleasant or unnoticed or because 
the body becomes accustomed to them. These latter 
materials, gasoline vapors for example, are quite 
dangerous since no warning is given of toxic concentra- 
tions. 


Table 3. Threshold Limit Values—Toxic Dusts, Fumes, and 


Mists 
MAC 
Substance (mg/m*) 
Antimony 0.5 
Arsenic 5 
Barium (soluble compounds) 5 
Beryllium 002 


Cadmium oxide 
Chromic acid and chromates 
Fluorides 

Lead 

Manganese 

Mercury 

Phosphorus (yellow) 
Selenium compounds 
Sodium hydroxide 
Sulfuric acid 
Vanadium oxide dust 


Sr 


o 


The first symptoms of poisoning are usually not 
specific and may be mistaken for some other disease. 
malnutrition, or simply fatigue. 

In order to give some idea of the relative dangers 
associated with the use of many common chemicals, 
The Committee on Threshold Limit of the American 
Conference of Government Industrial Hygienists has 
established a list of chemicals and the MAC value ac- 
cepted for each. The MAC value, for gases expressed 
in parts per million and for dusts in milligrams per 
cubic meter of air, indicates the maximum allowable 
concentration of the toxic material to which an indi- 
vidual may be exposed during an eight-hour period. 
The MAC values are continually being revised, usually 
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downward, and the MAC values must not be considered 
a quantitative dividing line between safety and danger. 
Any quantity of toxic material is too much. Some 
representative MAC values for chemicals commonly 
encountered in the teaching and research laboratories 
are given in Tables 2 and 3. 


Hazardous Compounds and Mixtures 


It is often possible for the chemist to make predic- 
tions concerning the hazardous nature of many chemicals 
or mixtures of chemicals. Knowledge of the structure, 
chemical composition, and state of subdivision of the 
materials will often give valuable clues as to the po- 
tential hazard of these chemicals. The chemical 
behavior of a particular material, either determined by 
direct observation, obtained from the literature, or 
reasoned out by analogy to other comparable material 
of known behavior, is also of inestimable value. Some 
general ground rules for recognizing hazardous materials 
or mixtures can thus be given. 

Tomlinson and Audrieth (/1), in an excellent dis- 
cussion of potentially explosive materials, have pointed 
out the value of the “oxygen balance’”’ in predicting the 
hazards of many materials. In brief, if enough 
oxygen is present in the compound to allow, in theory, 
all of the carbon present to be converted to carbon 
monoxide or carbon dioxide, all nitrogen to be con- 
verted to nitrogen gas and all hydrogen to be converted 
to water then, the compound will be a potential ex- 
plosive. The “oxygen balance’ represents the per cent 
excess or deficiency of oxygen to allow these conversions 


and the most highly explosive materials are those with 


“zero oxygen balance’’—no excess or deficiency of 
oxygen. Thus, as a general rule, organic compounds 
containing carbon, hydrogen, oxygen, and nitrogen 
should be suspect and the greater the percentage of 
oxygen and nitrogen the more suspect the compound 
should be. Many metal ammines which have a favor- 
able oxygen balance are explosive. 

All endothermic compounds such as nitrogen triiodide 
should be suspect. Heavy metal salts of organic com- 
pounds, in particular the acetylides and the nitroso 
salts, are hazardous. Systems in which such explosive 
species may form through reaction of the organic ma- 
terial with traces of heavy metal contaminants or with 
materials of construction of the reaction vessels must 
be treated with care. 

All powerful oxidizing agents are potential hazards. 
Hydrogen peroxide, chromic acid, potassium perman- 

. ganate, fluorine, nitric acid, and perchloric acid are but a 
few of the powerful oxidizers which may react violently 
with even mild reducers. Contact of these oxidizers 
with organic matter or other reducing agents can be 
disastrous. The risk of accidents is lowered if the 
reagents are diluted with water but even then, hazard is 
not eliminated. Reducers such as the active metals, 
hydrazine, and ammonia should be kept out of contact 
with strong oxidizers and when used as reducing agents 
should be handled with care. 

Esters and unsaturated hydrocarbons tend to form 
explosive peroxides on standing—the anhydrous ma- 
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terial even more readily than water-contaminat: | 
samples. These peroxides are usually less volatile 
than the parent compound, tend to accumulate in the 
distilling flask as the parent material is distilled 4r 
evaporated, and may explode spontaneously. Distil! ,- 
tion of ethers should never be carried to dryness—a: a 
general rule, at least one third of the liquid should be |: ft 
undistilled. Destruction of peroxide with mild redic- 
ing agents such as iron (II) sulfate reduces but dies 
not eliminate the hazard of peroxide explosion. _\|| 
peroxides of any type are potentially hazardous, ‘e- 
composing spontaneously when heated, under ‘he 
influence of a heavy metal catalyst, or when subjecied 
to pressure. 

Carbon tetrachloride and the halogenated hydroc ir- 
bons often are used extensively in the laboratory as nn- 
inflammable solvents. Indeed, these materials do iiot 
burn, but their toxicity is great and they will react, 
sometimes explosively, with active metals such as ‘he 
alkali metals or aluminum. The use of carbon teira- 
chloride in fire extinguishers in the laboratory should 
not be permitted. 

Finely divided oxidizable materials may ignite 
spontaneously (pyrophoric). Finely divided iron and 
nickel particles are particularly bad in this respect. 
Dusts, which require only a source of ignition to explode 
violently, may be formed from such innocuous ma- 
terials as flour or sawdust. 


Conclusion 


In looking back over the list of hazardous chemicals— 
hazardous with respect to fire, explosion, and damage to 
health—it would appear remarkable that any chemist 
should live past his freshman year in college. The 
chemist does survive, not by refusing to work with 
potentially hazardous systems, but by recognizing the 
hazard and then working in such a manner as to avoid 
or reduce it to a reasonable level. 
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James E. Garvin’ 
Northwestern University 
Medical School 
Chicago, Illinois 


This paper describes an easily assembled 
an inexpensive polarimeter and reports some results 
of iis use in student experiments. The apparatus would 
appear to have three advantages: (1) all the components 
are easily visible making the principles of their operation 
almost self-evident; (2) the apparatus has a screen 
apparent to a group and therefore can be used to 
demonstrate the principles of optical rotation; and 
(3) measurements of optical rotation can be made 
simply and very rapidly and hence the apparatus may 
be used by students for their own experiments. 


The Apparatus 


Figure 1 shows a schematic diagram of the apparatus 
and Figure 2 a photograph of the actual equipment. 
The light source is a 100-watt microscope lamp? without 
a filter. The flat-walled bottle containing distilled 
water acts as an infrared filter. Both mirrors are flat; 
the lower one was taken from a microscope and mounted 
in a rubber stopper. The polarizer and analyzer are 
Polaroid mounted in green-tinted plastic.* The aper- 
ture in the diaphragm was 1.0 cm in diameter. The 100- 
ml glass cylinder rests on a square of single strength 
window glass taped to a 10-cm ring. The scale and 
indicator are both of white cardboard. The analyzer 
and screen are mounted on a large cork stopper with 


' United States Public Health Service Senior Research Fellow 
No. 238. This contribution supported in part by RG-4734 
from the National Institutes of Health. 

* Model 370, American Optical Co., Buffalo 15, New York. 

‘ Polarizing Filters, American Lens and Photo Co., 5700 
Northwest Highway, Chicago 46, Illinois. 
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MIRROR 


FLAT-WALLED 
BOTTLE 
Figure |. Schematic diagram of simplified polarimeter. 


Inexpensive Polarimeter 
for Demonstrations and Student Use 


1.0-em hole drilled through the center and are rotated 
on a bearing made from a 100-ml beaker with the 
bottom cut off. In another model of this same ap- 
paratus we used an ocular and mount from a discarded 
microscope as the rotating analyzer assembly. The 
screen is made of smooth, white writing paper. A short 
piece of mailing tube painted black inside was glued 
over the screen when a darkened room was not available. 


Figure 2. Photograph of simplified polarimeter. 

The apparatus was calibrated before use with a 
glucose solution. This gave much more reproducible 
results than if water alone was used. 100 ml of a 20% 
glucose solution was placed in a cylinder and the cyl- 
inder centered over the vertical light path above the 
polarizer. The pointer was now set at the theoretically 
correct observed rotation for glucose. Calibration 
consisted simply in rotating the analyzer until the 
point of minimum illumination of the screen was 
reached. The apparatus was now ready for use. The 
theoretically correct observed rotation for glucose 
includes terms for the concentration of glucose and the 
length of the light path. For example, if the 
glucose solution is 0.2 gm/ml and the length of 
the light path is 18.5 cm, an observed rotation of 
19.4° indicates that calibration is correct. White 
light gives more accurate results with this instrument 
than monochromatic light. This is due to an easily 
observable red-green color change which occurs as one 
passes through the point of minimum light intensity 
when white light is used. A similar color change has 
been observed by Spear.‘ 


4 Spear, C.S., J. Cuem. Epuc., 37, 203 (1960). 
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It can be seen in Figure 2 that dextrorotatory measure- 
ments are indicated by a counter-clockwise movement 
of the analyzer. This anomaly is due to the effect of 
interposing a mirror in the beam of polarized light. 
This is the reverse of the direction of rotation of the 
analyzer for dextrorotatory measurements observed in a 
conventional polarimeter using paired Nicol prisms. 
Excluding the cost of the microscope light the entire 
apparatus was constructed at a cost of less than $1.50 
using, of course, the stands, rings, and clamps from the 
stockroom. 


Student Experiments 


We have used this simplified polarimeter for two 
years in the double role of demonstration apparatus 
and instrument for use by inexperienced students. At 
the beginning of the laboratory period a brief review 
of the principles of optical rotation was given, accom- 
panied by demonstrations using the apparatus. In a 
darkened room about 30 students can easily see the 
changes in light intensity on the paper screen. During 
the laboratory period each student was required to 
identify two unknowns from measurements made in- 
dividually on the simplified polarimeter. This in- 
volved measuring the light path and observed rotation 
for each unknown. From these data the specific rota- 
tions were calculated and the unknowns identified from 


Table 1. Specific Rotations Obtained by Students with the 
Simplified Polarimeter Compared with Results Obtained 
with a Standard Polarimeter 


Specific Rotations 
Using simplified Using standard 
Sugar polarimeter polarimeter? 
Sucrose 70 +4.2 68.8 
Maltose 129 +6.1 129.4 


@ Average of results from 60 students + standard deviatio) 7 
6 J. J. Fric Research Model, E. H. Sargent Co., Chicago, ‘| \li- 
nois. 


a posted list of known specific rotations. The spec fic 
rotations reported by 60 students are shown in Tabl: |. 
The averages compare favorably with the results \b- 
tained by the author using a standard polarime er. 
Triplicate readings were made by each student in 
about one minute so that all students in a section o: 30 
easily read two unknowns in three hours. Change« yer 
from one solution to another was made by replacing ‘he 
cylinder on the glass plate. The author has also ised 
this simplified polarimeter to follow the hydrolysi- of 
sucrose by 1 N HCl, although we have not tried sich 
an experiment with students. Since the velocity con- 
stant varied only slightly in the range from 20-60 min., 
the apparatus seems adaptable to this kind of quantita- 
tive student experiment. 

It is felt that the simplicity of the apparatus, its 
usefulness in demonstrations, and its convenience 
more than compensate for its relatively lower accuracy. 


Sidney P. Harris 
Bayside High School 
Bayside 61, New York 


E.:1y in high school courses and books, 
the Law of Definite Composition is stated and ex- 
plained. Despite the best efforts of teachers and books, 
pupils generally do not realize that there are experi- 
mental derivations for this law. In courses which begin 


Figure 1. The modified balance. 
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Determining an Empirical Formula 


A simple, rapid high school experiment 


with a study of atomic structure, there is little realiza- 
tion on the part of the pupil of the experimental basis 
for the knowledge of the proper empirical formula. 
Particularly does this present a problem when two ele- 
ments can form two or more compounds. 

From the standpoint of the high school teacher of 
chemistry, the outstanding obstacles to the solution 
of these problems are the lack of suitable balances or 
money to buy them, the short laboratory period ani! the 
lack of good exhaust facilities. 

The obstacle of the costly balances was overcome by 
modifying a type of balance suggested originally by 
the Physical Science Study Committee.! This moiiified 
balance, shown in Figure 1, has a razor blade knife 
edge and aluminum pans made from frozen food con- 
tainers. The total cost for making twelve such bal: nces 
was about $1.50. A typical sensitivity curve for this 
balance is shown in the graph (Fig. 3). 

As a preliminary experiment in the use of the ba! ince, 
the members of the class were given various leng'!is of 
wire and asked to determine the weight per unit |: ngth 


1 P.S.8.C. Lab. Guide #2, 1958, 8/29/58 Prelim. Ed. ’'i0-l, 
160-4, 160-5. 
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without the use of any instruments except the balance 
aida straight edge. The results were tabulated and a 
nean value of 29.3mg/in. wasobtained. The per cent 
average deviation was 0.6%. The wire was identified 
a- being #26 and reference to The Handbook of Physics 
aid Chemistry gave the value of 29.2 mg/in.; an error 
i the mean of 0.34%. 


The Experiment 


Use about 5 in. of #26 copper wire and bend it to assume a hair- 
pi: form. Weigh the copper wire. Support vertically an 8-in. 
P: rex test tube and add to it about 10 g of powdered sulfur. 
H ng the copper loop from a hooked glass rod and support the 
ro! from the lip of the test tube as shown in Figure 2. The 

copper loop should extend al- 
: ? most into the sulfur. The sulfur 

is heated strongly until one 
minute after the brown vapor 
has risen above the copper loop. 
The combustion in the vapor is 
usually visible. The heat source 
is removed and the apparatus 
is allowed to cool for one minute 
to prevent the oxidation of the 
hot condensed sulfur by the air. 
The glass hook is lifted out of 
the test tube and the cuprous 
sulfide hairpin loop is placed in a 


Glass hook 


clean and dry 6-in. test tube 
slightly inclined from the hor- 


No. 26 copper izontal. The product is heated 
wire strongly for one minute and the 
Tee enbdation flame is moved slowly toward the 
of copper by mouth of the test tube to prevent 
sulfur vapor in the inrush of air. Alternatively, 
an 8-in. pyrex natural gas may be passed into 
test tube the test tube and then the 
Setter cuprous sulfide may be heated to 


remove the excess sulfur. Either 
procedure is_ satisfactory 
though the second demands the 
Figure 2. usual care to prevent explosive 
burning. The product is then removed and weighed. 


Seven trials by high school students with this pro- 
cedure gave a mean ratio of Cu/S of 3.90 with an 
average deviation of 1.8%. (The theoretical ratio is 
3.95 which gives a percentage error of the mean of 
1.3%.) Three further results using an ordinary stu- 
dent type analytical balance gave a mean of 3.94 for the 


» 


Scale Divisions/10 mg 
w 


~ 


0 5 10 15 
Load in grams 
Figure 3. Balance sensitivity. 


ratio of Cu/S. A modification of the procedure was 
tried by using a strip of copper 0.05 em thick and ap- 
proximately 5 X 1.25 cm suspended by means of a 
hole punched in the strip. Similar accuracy was ob- 
tained again in four trials. Very thin copper foil must 
not be used because the exothermic reaction causes peel- 
ing off of some of the product. 

Although superior results are obtained when using 
manufactured balances, the use of the inexpensive home- 
made balance gave sufficiently accurate results and 
taught the students a great deal about balance con- 
struction and theory. The experiment using copper 
wire is preferable for high school work because sufficient 
accuracy will be obtained if the length of wire is 
measured carefully and only the product is weighed. 

The empirical formula, Cu.S was derived from the 
data using the atomic weights of the elements. Stu- 
dent interest was increased by the fact that one of the 
two textbooks used states that the product is cupric 
sulfide. 

The method given seems to have advantages in ac- 
curacy and rapidity over the usual method where copper 
and sulfur are heated in a crucible. Every step in the 
experiment is visible and there is never a large amount 
of excess sulfur to drive off after lengthy heating. 


Information on Science Councils Requested 


The Committee on Institutes and Conferences, Division of Chemical Education, American 
Chemical Society, is compiling a national file of Science Councils. It wishes to obtain names of 


organizations engaged in programs of assistance to teachers (especially high school) and those 
designed to stimulate interest in the sciences. Names and addresses of the responsible officials 


are of course very important. 


Often a Science Council is an organization which coordinates the efforts of local sections of 
several scientific or engineering societies whose efforts are directed to the stimulation of interest 
in the sciences and engineering. Examples of such programs are the Mid-Hudson Science Ad- 
visory Council in New York, Southern California Industry-Education Council, Florida Founda- 
tion for Future Scientists, Frontiers of Science Foundation of Oklahoma, and Science Pioneers, Inc. 

Information should be sent to Professor Donald 8. Allen, Chairman, Department of Chem- 


istry, New York State College for Teachers, Albany, New York. 
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A. W. Sangster 
University College 
of the West Indies 

Jamaica, W. |. I. 


the previous paper, the isolation, 
characterization, and the physical method used for 
determining alkaloid structure were discussed. In 
the present paper an introduction is given to some of 
the main chemical degradative methods used in de- 
termining alkaloid structures. In discussing various 


Table |. Determination of Functional Groups Present 


Refer- 
Chemical tests ences 


Function 


A. Oxygen functions i 
1. OH phenolic Alkali solubility, ferric 3, 4,7 
chloride reaction, nitrous 
acid reaction, phthalic 
anhydride reaction, acet- 
ylation, benzoylation, 
methylation 

Acetylation, halogenation, 
dehydration, ceric nitrate 
test, xanthate test 

Sodium carbonate solubil- 
ity, esterification, ferric 
hydroxamate test 

Phenylhydrazones, _semi- 
carbazones, oximes, re- 
duction 

Zeisel determination 


. OH alcoholic 
. —COOH carboxyl 
. C=O carbonyl 


. O—CH; methoxy 
. —O 


Red color with phloroglu- 
CH: methylene cinol and conc. sulfuric 
dioxy aci 


. —CO—NH— amide MHydroxamate test—hy- 
drolysis 

Hydrolysis and examination 
of hydrolysis products 

Hydrolysis and examina- 


tion of hydrolysis prod- 


ucts 
Hydroxamate test. Hy- 
drolysis and examination 
of hydrolysis products 
Reduction and estimation 
of base 


8. N-oxide 


B. Nitrogen functions 
N-H sec nitrogen Blue color with sodium 

nitroprusside and acet- 
aldehyde, formylation, 
acetylation, benzoylation, 
nitrous acid reaction 

Methiodide formation, 
gives N-oxide, no acet- 
ylation, no benzoylation 
except ring scission occurs 

Shows secondary amine 
properties after hydro- 
genation 

3. N-CH;N-methyl Herzig-Meyer quantitative 
estimation 

C. Other functions 
1. C=C double bond Bromine water, potassium 
permanganate, tetranitro 
methane, hydrogenation 

Kuhn-Roth oxidation 


2. C-CH; C-methyl 
Zerewitinoff determination 


3. H Active hydrogen 
OH, NH, 


1 J. Cuem. Epuc., 37, 454 (1960). 
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Determination of Alkaloid Structures 


Chemical methods 


methods of attack, the aim has been to give a bref 
outline of the method, with an example of its applica- 
tion. 


Preliminary Structural Investigation 


The investigation of the structure of an alkalvid 
follows well-trodden paths and the first step is the 
determination of the formula. The alkaloid and as 
many of its salts as are convenient are analyzed for 
C, H, O, and N to establish the empirical formula. 
Some of the commoner salts which are used for analysis 
include the hydrochloride, hydrobromide, hydroiodide, 
sulfate, perchlorate, methiodide, picrate, oxalate, and 
chloroplatinate. Functional groups which can be 
characterized quantitatively are methoxyl, C-methy], 
N-methyl, hydroxyl, acetyl, methylene dioxy, and 
active hydrogen. The extent of unsaturation in the 
molecule can also be determined by the quantitative 
uptake of hydrogen under catalytic conditions. 

The molecular weight necessary to establish the 
molecular formula is usually determined by the Rast 
micro method but this method sometimes fails because 
of the insolubility of alkaloid salts in Rast solvents. 
The isopiestic (7) and spectral methods (2) are not 
subject to these limitations and can be used with both 
the free base and salts. The equivalent weight can 
also be found by titration of the base or salts and the 
molecular weight may be determined. During the pre- 
liminary stages of the investigation there is often some 
doubt about the exact formula of the alkaloid and these 
doubts may only be finally resolved when the complete 
structure is known. 

Most alkaloids contain oxygen, exceptions being 
alkaloids like nicotine and sparteine. The nitrogen 
atom in the majority of alkaloids is tertiary though 
some secondary and quaternary types are known. 
Functional groups are tested for in a variety of ways— 
by qualitative and quantitative analysis, color tests, 
chemical reactions, derivative formation, and by the use 
of NMR, infrared, and ultraviolet spectra. A sum- 
mary of the main functional groups encountered and 
some chemical tests are given in Table I. 

Classification of alkaloids. One of the particular 
features about alkaloid chemistry is the large num ber 
of types of ring system which are present, from the 
simple pyrrolidine types to the complex indole, ste*vid, 
and terpenoid alkaloids. No completely satisfac: ory 
system of classification of alkaloids is possible, - nce 
many alkaloids can be discussed under more thai one 
particular structural heading. However, traditio. of 
usage includes many of these alkaloids among one 0" &l- 
other structural type. The placing of a new alk: ‘oid 
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in a particular structural class will in the first instance 
largely be determined by the molecular formula, plant 
origin, specific color tests, spectral characteristics, and 
drastic degradation products. Some of the more im- 
portant methods of alkaloid degradation will now be 
discussed. 


Degradation Methods 


Thermal degradation and fusion. Thermal degrada- 
tion of an alkaloid usually under high vacuum or fusion 
with potassium hydroxide, lime, lead tetraacetate, 
zinc, or selenium usually provides smaller recognizable 
fragments which help to characterize the type of ring 
system present. Zinc dust and selenium tend to give 
oxygen free products while the other methods tend to 
give oxygenated products. The degradation of the 
alkaloid yohimbine, I, illustrates these methods (1/2). 

Hofmann degradation. This reaction sometimes 
known as exhaustive methylation has been one of the 
most extensively used reactions in alkaloid chemistry. 
The reaction involves the thermal decomposition of a 
quaternary hydroxide to give an olefin and a tertiary 
amine. By means of this reaction the nitrogen of an 
alkaloid can be completely eliminated from the com- 
pound. The quaternary salt is formed by treatment 
of the base with methyl iodide and the salt is then de- 
composed by heating with moist silver oxide or potas- 
sium hydroxide. Decomposition of the salt will yield 
water, an amine, and an olefin which has the smallest 
number of alkyl groups attached to it (Hofmann’s 
tule). The mechanism of the reaction has been dis- 
cussed (13) and steric factors operating in the ease of 
elimination (14). 

The introduction of an olefinic center in the molecule 
facilitates further chemical attack. If the nitrogen 
aton: is in a ring system more than one degradation 
series will be necessary to eliminate the nitrogen com- 
pletely. The reaction is not always successful as 
some'imes methanol is eliminated without ring cleav- 


Oxidation 


Tetrabyrine HOOC 


age. Thus the reaction is not applicable to the com- 
plete degradation of pyridines, quinolines, isoquino- 
lines, and tetrahydrogenated quinolines, because of the 
absence of a suitable 6-hydrogen atom for elimination 
of water. 

An example of the reaction is shown in the degrada- 
tion of the tetrahydroisoquinoline derivative, II, (14). 


N—CH, _Hofmann 
olmann 


(b) KOH 


CHO CH, CH;O0 CH, 
CH 
CH; CH; CH; CH; 
II 
and Stag COOH 
S + HCHO 
(d) KOH 
CHO CH 
CH; CH; 
Hemipinic 
(CH;);N Acid 


Hofmann-type degradations with chlorocarbonic 
acid ester have been recently discussed (1/6). The 
degradation tends to give the anomalous Hofmann 
product. Thus laudanosine, III, is degraded through 
the stages IV to V. The reaction has had limited 
application. 


CH,O 
CH;0 |CHy COOCHHs 
CH, 

OCH; 
OCHs OCH ” 
Il IV 4 
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Von Braun degradation. This has been another 
extensively used reaction in alkaloid degradations. 
The reaction involves the rupture of a C—N bond in 
a tertiary amine by reaction with cyanogen bromide 
usually in an inert solvent such as chloroform, ben- 
zene, or petrol. Fission does not lead directly to a 
nitrogen free product as in the Hofmann degradation 
but the reaction is useful when the latter reaction fails 
(cf., the case of hydrocotarnine discussed under the 
Emde degradation below). Von Braun defined the 
vigor of the reaction as the ease of formation of the 
quaternary compound. As the nucleophilic (basic) 
character of the nitrogen is reduced the reaction with 
cyanogen bromide is decreased. Thus the substituted 
amides do not react. The mechanism postulated in- 
volves a nucleophilic displacement by bromide ion. 
Sometimes however N-demethylation occurs instead 
of ring fission and an interfering side reaction is the 
formation of a quaternary salt, though this can be 
largely eliminated by using an excess of cyanogen 
bromide (17). 

Thus cocaine on treatment with cyanogen bromide 
leads mainly to the demethylated product whereas 
lupinine, VI, is degraded. 


CH.OH 


@ Dehydration 
Hydrogenation 


Oxidation 
—“€ 


NY 
Quinolinic acid 
Von Braun reaction. This reaction involves the 
cleavage of the benzoy! derivatives of secondary amines 
when heated with phosphorus pentachloride. The 


reaction has been less frequently used in alkaloid chem- 
istry because few alkaloids have secondary nitrogen 


| 


i 


VII 


CH, CH—CH:CH;CH; 


C.H;COCI 1 Cl 
® Heat 
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atoms. Dealkylation or ring cleavage occurs. This 
the alkaloid coniine, VII, can be degraded in this w: y 
to 1.5 dichlorooctane (18). Possible mechanisms f.r 
this reaction have been discussed (19). 

Emde degradation. This reaction has also been e ;- 
tensively used in the degradation of alkaloids. When 
an aqueous or alcoholic solution of a quaternary a1 i- 
monium halide is treated with sodium amalgam, a 
carbon-nitrogen bond is broken. The reaction can e 
applied to cases where the Hofmann degradation fai s. 
Thus dehydrolaudanosine, VIII, cannot be complete 
degraded by the Hofmann method because of te 
absence of a 6-hydrogen atom. The Emde degrav a- 
tion is, however, successful (20). 


OH ist. Stage 
Hofmann 


OH 


2nd. Stage 
Hofmann 


(1) Hgdrogenation 
(2) Methylation 


(3) Emde (Na/Hg) 


OCH; 


Hofmann 


OCH; Fails 


(CHs3):N 
The course of the Hofmann, Emde, and von Braun 


degradations can be compared in the alkaloid hydroco- 
tarnine, IX (27). 


Hofmann P 
ails 


CH 
CH: + (CH:).N 


H; 


Oxidative degradation. This method of approach 
has been widely used and is susceptible to consider ‘ble 
variation depending on such factors as the choi: of 
reagents and concentrations. These oxidizing ag: its 
may be classed as: 


(a) mild; H.O2; Os; I, in ethanol. 

(b) moderate; CrO; in acetic acid; alkaline KMnQ,. 

(c) vigorous; K2Cr.0;-H.S0,; KMn0,-H.S0,; Mn0.-H 
conc. HNO; 


Oxidative methods were particularly valuable in the 
elucidation of the structure of quinine, X, ind 
strychnine. 
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Mercurie acetate cleavage. The dehydrogenation or 
oxidation of alkaloids by mercuric acetate in acetic 
acid has had some application in alkaloid chemistry, 
mainly for the introduction of double bonds (22). 
Thus sparteine, XI, has been dehydrogenated in two 
stages (23) but the possibilities of further oxidative 
cleavage at the unsaturated centers do not seem to have 
been investigated. 


N Hg(OAc), 
N. 
XI 


Another example of the application of the reaction 
is seen in the indole series. Thus yohimbine, XII 
(3a hydrogen atom) can be dehydrogenated to the 
dehydro compound (isolated as the salt) XIII, which 
can be converted to the less stable pseudoyohimbine, 
XIV (38 hydrogen atom) (24). 


Hg(OAc), | Zn/HCl 
XIV 


XIII 


Reduction 


Reductive methods have sometimes been very use- 
ful in alkaloid investigation. Catalytic reduction may 
give rise to ring cleavage. Thus the pyrrolidine ring 
in nicotine is broken when nicotine methobromide, 
XV. is reduced catalytically (10b). 


oun 
N 


® 
cH pe CHs CHs 
XV 


Mor: useful, however, have been milder reductions 
Usine reagents such as lithium aluminum hydride 


and sodium borohydride. The reduction of the 
ergot alkaloids using lithium aluminum hydride was 
the key to the cyclic diketopiperizine structure of the 
alkaloids. Thus for example the originally postulated 
amino acid side chain of ergotamine, XVI, would be 
expected to give rise to the reduction product, XVII. 
However the compound, XVIII, was isolated which 
indicated a structure, XIX, for the alkaloid (25). 


CH; CH, 
R,-CON HCHCON 


CH 


| 
CH,OH 
XVII 


R, =C,sHis;N2—; 


R,-CH,NHCH 


XVIII 
Hydrolysis 


Many alkaloids contain groups susceptible to 
hydrolytic cleavage. Conditions of cleavage depend 
on the relative stability of the center being attacked. 
The following examples illustrate the method applied 
to different types of functions. 

Amides. One of the simplest of the ergot alkaloids 
is the alkaloid ergonovine. The alkaloid is hydro- 
lyzed by alkali to lysergic acid and the amine, 2-amino- 
propanol-1. 


COOH 
\ H, 


ergonovine 
NH,CHCH,OH 


lysergic acid 


Esters. Atropine when warmed with dilute acids 
or alkalies is hydrolyzed to tropine and tropic acid. 


—CH; 


hydrolysis | 
Atropine ————— 


tropine 
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Lactones. The alkaloid narcotine, XX, can be 
hydrolytically cleaved in different ways. 


CH, H. 
N—CH; —CH; 
CH;0 CH;0 OH 
Hydrocotarnine Cotarnine 


C=0 


box, 


Meconine Opianic Acid 


Gt 
N—CH; 
Reductiv: CH;0 idativ 


Hydrolysis 


(H,SO,) 


Hydrolysis 
( 1/H,SO,) 


OCH; 
OCH; 
XX 


Aqueous 
Hydrolysis 


Hydrocotarnine + Opianic 
Acid 


Lactams and betaines. The betaine trigonelline, 
XXI, when heated with HCl is decomposed to pyri- 
dine-3 carboxylic acid. 


HCl 260°C 
+ CH,CI 
H; 


XxI 


Other Methods 


Reductive cleavage in liquid ammonia. This reaction 
involves the reductive hydrogenolysis of groups at- 
tached to nitrogen, oxygen, and sulfur by alkali metals 
in liquid ammonia (26). Alkaloids with ether linkages 
are particularly susceptible to this method of degrada- 
tion (27). As an example the bisbenzylisoquinoline 
alkaloid berbamine, XXII, has been degraded through 
the stages shown. 
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methylation 
(b) Na in liquid NH; 


OCH; CH;0 


CH;0 


OCH; HO 


Sodium in liquid ammonia has also been mentioi ed 
as giving Emde type degradations. Thus theba ne 
methiodide, X XIII, is reduced to the phenolic dihyd'o- 
thebaine, XXIV (28). 


Na in liquid+NH,— 


CH;0 


HO 


The hydramine fission. Alkaloids having a hydroxy! 
group a and a nitrogen atom 6 to an aromatic or hetero- 
aromatic nucleus show this reaction. Thus ephedrine 
hydrochloride, XXV, when heated with hydrochloric 
acid is decomposed as shown. 


HCI 


OH CH; 
XXV CH;NH, 


Narcotine and the quinine alkaloids show similar re- 
actions. Thus for example quinine when warmed 
with acetic acid is converted to quinotoxine. ‘The 
mechanism advanced for this process (29) involves 
both acidic and basic catalysis. 

The loss of the a-hydrogen atom by base and the for- 
mation of the ananoid center is facilitated by the at- 
tainment of a positive charge on the nitrogen by salt 
formation. The rate of toxine formation passes through 
a maximum as the acidity of the medium increases 
with the more ready attainment of a positive charge 
on the nitrogen, then decreases at higher acidities as 
the suppression of the loss of the a-hydrogen atom 
becomes the dominant factor. 


Acid 
catalysis 
Q = Quinoline Ring 


Quinotoxine 
B: 


Rearrangements and complex cleavage reactions. 
often the elucidation of alkaloid structures has »een 
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complicated by complex cleavage mechanisms and 
rearrangements. * Especially has this been so of the 
morphine alkaloids. For example when morphine, 
XXVI, is heated with concentrated hydrochloric acid 


the molecule undergoes a fundamental rearrangement 
and is converted to apomorphine, XXVII, through 
the possible series of reactions shown (30). 


Stereochemistry 


The recent rapid advances in stereochemical concepts 
have been invaluable and in cases indispensable in the 
solution of the many problems caused by the discovery 
of so many new alkaloids with complex three dimen- 
sional structures. A simple example is the explana- 
tion of the behavior of the tropane alkaloids. The 


OH (a) 
--H 


XXVIII 


difference in the behavior of tropine and y-tropine can 
be very adequately explained on the basis of ring 
orientation and conformational analysis. Thus nor-y- 
tropine, XXVIII, readily undergoes n&o and 


0H)’ benzoyl migrations. This is not so with 


hortropine, XXIX. The formulas show the close 
approach of the NH group to the axial hydroxyl group 
in nor-y-tropine and the greater separation of the 
NH group from the equatorial hydroxyl group in nor- 
tropine. Thus the former shows ready benzoyl 
migrtion while the latter does not (31). 

Oi her more involved examples are found in the stereo- 
chemistry of yohimbine (32), reserpine (33), and the 
terpcne alkaloids (34). 


Biogenesis 


The role of alkaloids in the plant has aroused a con- 
siderable amount of speculation. 

Alkaloids have for a long time been regarded as 
being connected to the protein amino acids (35) and 
experiments using radioactive tracers have tended to 
support this view. Thus for example papavarine has 
been shown to be derived from two molecules of 
tyrosine (36). The aldol condensation of C=O with 
—CH—C=0O and the similar condensation of car- 
binolamines —-C(OH)—N— with —CH—C=$0O have 
long been regarded as key reactions in the biosynthetic 
processes. Various reactions such as oxidation, re- 
duction, decarboxylation, and methylation are assumed 
to take place at appropriate points to provide suitable 
biosynthetic intermediates. The postulated fission 
of an aromatic nucleus (catechol fission) has introduced 
many attractive biogenetic routes. It seems clear also 
that the repeating acetate unit must play a part in the 
biogenesis of some alkaloids such as the terpene and 
steroid groups. 

A rather different approach recently put forward 
attempts to relate the biosynthetic derivation of plant 
alkaloids from carbohydrates by the “Shikimic-pre- 
phenate pathway.” One of the attractions of the 
theory are the possibilities of the universal application 
of this mechanism in biosynthetic schemes (37). 

Much more experimental evidence however must be 
obtained on such questions as the origin of the alkaloidal 
nitrogen atom before any theory can be universally 
accepted. 

Notwithstanding the uncertainties regarding the 
mechanism of many of these processes, biogenetic 
concepts have been extensively used as tools in struc- 
tural investigation. Thus for example biosynthetic 
arguments have been applied in the indole series (38), 
and the structure of the alkaloid emetine was first 
correctly postulated on biogenetic grounds (39). 


Synthesis and Structure Modification 


No proposed structure can be fully regarded as proved 
until such a structure is confirmed by synthesis. 
Many of these syntheses have been chemical classics. 
Particular reference might be made of the synthesis 
of the alkaloids quinine (40), strychnine (41), ergonovine 
(42), morphine (43), reserpine (33), yohimbine (44), 
and colchicine (44,a & 6). 

The synthesis of yohimbine outlined below illustrates 
two important aspects of modern synthetic chemistry. 
Firstly, the versatility of the many chemical reactions 
and conditions available for synthesis, and secondly 
the importance of stereochemical considerations in the 
planning and execution of synthetic steps. 

The logical developments of alkaloid synthetic meth- 
ods have been the modification of structures and the 
formation of new compounds which are likely to be more 
physiologically and pharmacologically active. Many 
of these synthetic structures represent only minor 
modifications to the already existing molecule (e.g., 
reserpine -> syrosingopine (46, a & b). 
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OH 
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(1) Saponification to 
two glycidic acids. 


| 
(2) Decarboxylation 
(heat) 


GHO 


ketoaldehyde 


_ (1) Reduction (Ag,0) 
(2) Chlorination 


(3) Condensation 
with tryptamine 


(1) Formation of O-acetate 
(2). Heat acetic acid salt 


enol ether 
(as acetate salt) 


Hydroxylation 
(OsO,) 


_ (1) Glycol cleavage (periodate) 
~ (2) Oxidation (Chromic acid) 
(3) Methanolysis 


HO 
HO 


The Synthesis of Yohimbine 


Other synthetic compounds are often structurally 
different from the “parent” alkaloid. Thus the 
synthetic antimalarials camoquin, XXX, and paludrine, 
XXXI, represent quite marked structural differences 
from quinine, XXXII (47). 

The many complex structural and synthetic problems 
still outstanding and the chemical and pharmacological 
implications of structure modification are likely to 
make the study of alkaloids as stimulating and interest- 
ing a field in the future as it has been in the past. 


CH; 
CH; 
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The One Minute Quiz: A Review Device 


For the past several years we have been using a one minute quiz before the start of each lecture in 
physical chemistry. One question, usually of a factual nature, is presented, either a question 
reveiwing well known relationships from mathematics or physics (usually a function or unit that 
will be used in the day’s lecture) or a question that reviews properties of the elements and periodic 
table relationships. 

The one minute quiz seems to stimulate interest and attention during the lecture. The 
student is alerted to recognize the quiz material as it is used in the lecture. It encourages review 
of algebra, geometry, and trigonometry, the simpler integrals and differentials, and the use of 
c.g.s. units. Most gratifying has been the interest in better understanding the periodic table and 
its prediction of various physical and chemical properties. The quiz has led to many informal 
discussions during the weekly laboratory period and has encouraged many students to survey 
the periodic table to invent possible cuestions. 

Some sample questions are: What are c.g.s. units of force (or energy, or pressure)? Work 
equals §PdV; does work also equal /VdP? List the man-made elements with atomic number 
less than 92. Which has the higher crystal lattice energy: argon or xenon? 
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l. chemistry courses which deal, in 
part, with the process of vat-dyeing, students generally 
use commercially prepared dyes to perform the appro- 
priate operations on cloth. An important aim of this 
study unit should be an appreciation of the role of 
organic chemistry in dye-synthesis; therefore, the 
teaching of vat-dyeing should be enriched by giving 
students the opportunity of preparing a vat-dye prior 
to its use. Synthesis of vat-dyes is difficult in a 
student laboratory situation, since it often involves 
time-consuming and laborious operations. For ex- 
ample, one of the methods of preparing indigo involves 
bromination of o-nitro cinnamic acid, followed by de- 
hydrohalogenation to form o-nitrophenyl propiolic 
acid Which is finally reduced to indigo. All of these 
operations involve considerable time, elevated temper- 
atures, hazardous conditions, and elaborate stepwise 
separations. These conditions of time and difficulty 
are paralleled in the synthesis of many other vat dyes. 

In this paper we wish to report the preparation of 
-new vat-dye mixtures which can be made rapidly at 
room temperature using relatively simple equipment. 
Hence, they are appropriate to student laboratory ex- 
periments, 

Vat-dyes are distinguished by their insolubility in 
water. They must be converted to a soluble form 
before being applied to cloth. In all cases, this form is 
obtained by reduction with suitable reagents, such as 
sodium hyposulfite in alkaline solution. The reduc- 
tion product (leuco base) has a high affinity for textile 
fibers and is generally almost colorless. By means of 
air oxidation (or other suitable oxidizing agents), the 
original, highly colored compound is regenerated on the 
cloth and remains firmly affixed. 

Vat dyes are noted for their excellent fastness, i.e., 
retention of color on exposure to light, in laundering 
(washing, bleaching, rubbing) and on contact with per- 
spiration and industrial waste gases in the air (1). They 
are effective on a wide variety of fibers including cellu- 
lose fibers, wool, nylon, ‘‘Orlon,” and acrylic fibers. 

The required reversible oxidation-reduction system in 
most vat-dyestuffs is present as carbonyl = hydroxyl 
conversion. A classical example of vat-dye behavior is 
shown by indigo, which on reduction yields the soluble, 


Acknowledgments of Grants-in-Aid: (1) Frederick Gardner 
Cottrell Grant from the Research Corporation, and (2) The 
City College Research Committee. Organic analyses were done 
by the Schwarzkopf Microanalytical Laboratory of Woodside, 

1 This report is the result of joint research carried out in these 
laboratories by a teacher (H. W.) and a group of under graduate 
“honors” and research students. We believe the work will be 
of interest to the readers of rH1s JouRNAL for its pedagogical value 
(i.e., in the teaching of vat-dyeing) and as an example of directed 
undergraduate research. 
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New Vat-Dyes Suitable for 
Student Experiments 


indigo white. Other substances capable of uncer- 
going typical vat-dye behavior are derivatives-of n- 
thraquinone, naphtha-quinones, para and ortho benzo- 
quinones. 


Preparation and Properties of New Dyes 


It is well known that p-benzoquinone reacts with 
aromatic amines to yield stable, deeply colored com- 
pounds called aryl-amino-p-quinones, which have vat- 
dye properties (3, 4, 5). According to Perkins (6), 
they have been used extensively in Europe for vat-dye- 
ing of wool. He states further that, ‘“No derivatives of 
the isomeric o-quinone have been found to be of interest 
as dyes.” In a private communication, Dr, Perkins 
stated: “In dye research, only 2,5-dianilino p-quinone 
and derivatives thereof have come to our attention as 
having commercial possibilities. We assume from the 
paucity of literature and the absence of such products 
from the dye market, that corresponding ortho-quinones 
either do not exist or are not of interest as dyes.”’ 

The apparent lack of interest in the preparation of 
aryl-amino-o-benzoquinones may be due to the presence 
of tarry byproducts which are difficult to remove. In 
addition, o-benzoquinone itself is unstable in media 
containing even traces of moisture, polymerizing to 
form tars of unknown composition (7, 8). 

Relatively few aryl-amino-o-benzoquinones have been 
prepared (8-11). In 1918, Kehrmann and Cordone (9) 
treated o-benzoquinone with aniline in dry chloroform. 
They identified the principal product as 4,5-dianilino 
o-benzoquinone by elemental analysis and preparation 
of the corresponding 2,3-dianilino-phenazine derivative. 
Another method of preparing this compound might be 
mentioned. It was shown that aqueous catechol- 
aniline mixtures can be aerobically oxidized in the 
presence of the enzyme tyrosinase to yield 4,5-dianilino 
o-benzoquinone (1/0). Wagreich and Nelson (/2) 
measured the oxygen uptake in this enzymatic oxidation 
and found that three atoms of oxygen are absorbed in 
the formation of 4,5-dianilino o-benzoquinone per 
molecule of catechol. Catechol alone absorbed two 
atoms of oxygen. The mechanism for the formation of 
the 4,5-dianilino o-benzoquinone is presently unkn wn, 
but must incorporate this information. The form: tion 
of 4,5-dianilino o-benzoquinone may be represente | as 
follows: 
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The only attempt to use mixtures believed to contain 
aryl-amino-o-benzoquinones in the dyeing of wool was 
reported by Bernardi in 1938 (2). He prepared vat- 
dye mixtures resulting from the separate reactions 
betweén o-benzoquinone (prepared by the oxidation of 


‘eatechol with lead dioxide in anhydrous benzene) and 


the following amines at room temperature: aniline, 
p--hloro-aniline, o-, m-, and p-toluidine. He stated 
that the mixtures probably contained the corresponding 
mono and diaryl-amino o-benzoquinones, although no 


‘sev arations or structural analyses were effected. 


_ We have extended Bernardi’s work by preparing 
ad.litional mixtures resulting from the oxidation of 
catechol in the presence of aromatic amines, and by 
using partially aqueous solutions to reduce fume and 
fire hazards and increase the ease of manipulation. The 


“properties of these dyes have been evaluated. One 


dye mixture was analyzed completely. 

-The reaction was carried out using 43 different 
aromatic amines which were systematically classified as 
follows: 


_ Class A: Anilines with no other reactive groups. 
Class B: Anilines with electronegative substituents. 
Class C: Polynuclear and heterocyclic primary amines. 
Class D: Secondary amines. 
Class E: Tertiary amines. 
Class F: Miscellaneous. 


‘Despite the instability of o-benzoquinone in water, it 
reacts preferentially with aniline in aqueous solution to 
form stable products (9). 

The products in each case are described in Table 1. 
Primary and secondary aromatic amines generally 
gave good yields of brown or red products, not con- 
taminated by tars. Some secondary amines (e.g., 
diphenylamine) and all tertiary amines yielded tarry 
substances. The absence of a replaceable hydrogen 
prevents tertiary amines from reacting in the usual 
manner. Aromatic amines containing two or more 
electronegative ring substituents (e.g., 2,4-dinitro- 
aniline and 2,6-dichloro-4-nitroaniline) did not react at 
all and were recovered unchanged. By analogy of the 
reaction between p-benzoquinone and aniline proposed 
by Suida and Suida (4), these results are not unexpected. 

Thirty-one dye mixtures were found suitable for 
student laboratory exercises. They are labelled “fair,” 
“good,” or “fair to good” in the column titled “Dye 
Quality” in Table 1. Of these, seven exhibited typical 
vat-dye behavior (pale yellow on reduction and colored 
upon subsequent exposure to air). This is indicated in 
the same column as above. The colors are fast to 
washing and rubbing and have retained light fastness 
for over four years. 

The vat-dye behavior of 4,5-dianilino o-benzoquinone 
may be shown as follows: 

alkaline 
reduction 


oxidation 


10. millimoles of catechol (1.1 g) and 20.0 millimoles of 
arom: tic amine were dissolved in 50 ml of acetone in a beaker. 


19.7 g of potassium ferricyanide, dissolved in 80 ml of water, 
were added slowly with stirring at room temperature. The 
reaction mixture was diluted with 50 ml of water, filtered, and 
washed with water until free of inorganic compounds and 
catechol (as shown by the absence of a blue color when a few 
drops of 0.5 M ferric chloride solution were added to 5.0 ml of 
filtrate). It was then washed with 500 ml of 3 M HCl to dis- 
solve any excess amine. The product was air-dried for 15 min. 

The various mixtures may be used to dye wool according to 
the following procedure (13): 

A “stock vat” is prepared: 0.2 g of product is made into a 
paste with 1.0 ml methyl alcohol. 1.0 ml of water is added 
followed by 2.0 ml. of 5.0 M sodium hydroxide solution. 0.2 g 
of sodium hyposulfite (Na2S_.O,) is sprinkled in with stirring. The 
“vat” is allowed to stand for 30 min. Additional small portions 
of sodium hyposulfite are added if necessary. 

A dye bath is prepared: 110 ml of water at 50°C and 0.3 
ml of 18 M ammonia water are mixed. 

A piece of white woolen cloth is added to the dyebath. Before 
adding the stock vat, 0.05 g of freshly dissolved glue is added to 
protect the wool from alkali. The cloth is allowed to soak for 
a half hour or longer. After dyeing, the wool is air-dried. This 
is followed by washing with 3.0 M hydrochloric acid and warm 
water to remove the alkali. The dyed cloth is then redried. 


Analysis of a Dye Mixture 


The reactions between o-benzoquinone and aromatic 
amines are not completely understood. Only one prod- 
uct from such a reaction mixture has been character- 
ized. Separation and identification of the components 
of the mixture should clarify the origin of their dyeing 
properties and aid mechanism studies of these reactions. 
In this report, one mixture was separated and analyzed, 
as follows. A mixture resulting from catechol-ferri- 
cyanide-aniline interaction was chromatographically 
separated using a column (length 60 em; bore 107 cm) 
with an alumina adsorbent. 1.0 g of crude product, 
dissolved in 9 : 1 benzene-acetone, was adsorbed on the 
column and developed with the same solvent. Three 
bands, in descending order, were observed: greenish- 
gray (negligible quantity), light violet, and orange. 

Orange Band: This band was eluted with 9: 1, 
benzene-acetone solution. Evaporation of the solvent, 
followed by several recrystallizations from 1: 4, 
methanol-benzene and 1 : 3, chloroform-heptane, 
yielded deep purple crystals, melting sharply at 204°C. 
They were reduced in alkaline hyposulfite and gave a 
violet color in concentrated sulfuric acid which turned 
red on the addition of water. This compound was 
subjected to a complete elemental analysis; calculated 
for C4uHiyN;0: C, 78.88; H, 5.24; N, 11.50; O, 4.38. 
The values determined were: C, 78.90; H, 5.25; N, 
11.50; O, 4.38 (direct). Infrared analysis identified 
this compound as 2,5-dianilino p-benzoquinone anil, 
previously prepared by other methods (/4, 15). 

The infrared spectrogram indicated the absence of 
a C=O group in this compound. It is therefore better 
written as a tautomer of 2,5-dianilino p-benzoquinone 
anil. It may be either (I) or (II) below. 


N.CeHs 


| 
N.CcHs 
I II 


Violet Band: This band was very tenacious and was, 
therefore, mechanically extruded and separated from the 


Volume 37, Number 10, October 1960 / 527 


Cer 
with 
vat- 
(6), 
dlye- 
es of 
‘kins 
none 
nas 
the 
ones 
n of 
ence 
In ; 
edia 
g to 
been 
p (9) 
orm. 
ilino 
ition 
tive. 
it. be 
‘hol- 
the 
ilino 
(12) 
ition 
d in 
per 
two 
of 
wn, H 
tion | : 
CsHs—N = C.H,—N: on Cie | 
| 


Table 1. Dyeing Properties of Products of the Oxidation of Catechol in the Presence of Various Amines 


Amine 


Nature of product 


Dye color 


Dye quality 


Aniline 
o-Toluidine 
m-Toluidine 
p-Toluidine 


2,4-Dimethy] aniline 
o-Anisidine 
o-Phenetidine 
m-Phenetidine 
p-Phenetidine 


o-Amino phenol 
o-Amino benzoic acid 


m-Amino benzoic acid 


p-Amino benzoic acid 


Sulfanilamide 
Sulfanilic acid 
o-Chloro aniline 
m-Chloroaniline 
o-Bromo aniline 


m-Bromo aniline 
p-Bromo aniline 
2,5-Dichloro aniline 


p-Nitro aniline 
2,4-Dinitro aniline 


2,6-Dichloro, 4-nitro aniline 


2,4-Dimethyl, 5-nitro 
aniline 


o-Amino diphenyl 

p-Amino diphenyl 
Alpha-naphthyl-amine 
Beta-naphthyl-amine 
2-Amino, 3-methy] pyridine 
2-Amino, 4-methy] pyridine 
2-Amino, 6-methyl pyridine 
2-Amino pyridine 


N-methy] aniline 
N-methyl, p-toluidine 
N-ethy] aniline 


N-n-propy] aniline 
Dipheny] amine 


N-N-dimethy] aniline 
N-N-diethy] aniline 
N-N-dimethy] p-toluidine 


p-Phenylene diamine 
1-Amino cyclohexane 


Cuass ‘‘A’’ 


Red-brown powder 
Red-brown powder 
Red powder 

Red-brown powder 


Dark brown powder 
Brown-violet crystals 
Dark red flakes 
Brown powder 
Red-brown powder 


Crass “B’’ 
Dark brown powder 
Dark brown crystals 


Dark brown powder 


Dark brown powder 


Brick-red powder 

Dark blue powder 

Dull, orange-red powder 

Pale orange powder 

Pale orange powder with 
black powder impurity 

Pale orange flakes 

Pale orange powder 

Red powder and gray 
powder 

Red-orange powder 

No reaction—amine re- 
covered 

No reaction—amine re- 
cove 

Brick-red powder 


Crass “C” 


Brown powder; black tar 
Brown powder 

Black powder 
Red-brown powder 
Light brown powder 
Light brown powder 
Gray-brown powder 
Light brown powder 


“D” 
Black powder 
Dark brown powder 
Black crystals 
Dark brown powder 


Shiny black powder 
Crass “E”’ 


Black tar 
Black powder 
Black tar 


Cuass “F’’: 
‘Black tar 


Brown powder 


Bright brown 
Light buff 
Orange 
Khaki 


Pink 
Medium tan 
Dark red-brown 


Dull orange 
Very dark red-brown 


Pale violet 
Olive-green 


Light tan 
Yellow-brown 


Tan 

Pale yellow-green 
Light pink 

Dark brown 


rig 
Light yellow-brown 


Yellow-brown 


Light buff 


Almost none 

Dull brown 

Pale violet 

Dull red-brown 

Light brown 

Light brown 

Dull brown 

Light green and tan; 
splotchy 


Light brown 
Yellow-brown 
Yellow-brown 


Medium brown 


Pale gray 


Light tan 


Medium brown 
Dull brown 


Good 
Poor 


Good 

Good: Shows ideal 
vat-dye behavior 

Fair to good 

Poor to fair 

Good 


Fair 


Good 


Good 

Good: Shows ideal 
vat-dye behavior 

Poor to fair; Shows 
ideal vat-dye 
behavior 

Good: Shows ideal 
vat-dye behavior 


Fair: Shows ideal 
vat-dye behavior 

Good: Shows ideal 
vat-dye behavior 

Good: Shows ideal 
vat-dye behavior 

Fair to good : Shows 
ideal vat-dye 
behavior 

Very poor 


Poor 


Fair to good 
Fair 


adsorbent in a Soxhlet Extractor with methanol. A 


of the 2,3-dianilino-phenazine derivative; (4) positive 


voluminous red precipitate appeared after addition of 
water and 2.0 ml of 3% hydrochloric acid (to prevent 
colloidal dispersion). After recrystallizing from meth- 
anol (three times) and acetone (twice), and drying for 
one hour in a drying pistol (in vacuo), the red solid was 
identified as 4,5-dianilino o-benzoquinone by the follow- 
ing methods: (1) Nitrogen analysis; calculated for per 
cent nitrogen CijsHyN,O.: N, 9.65. The value found was 
9.39; (2) unchanged mixed melting point with a pure 
sample prepared by another method (9); (3) preparation 
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comparative infrared spectra with the known «om- 
pound. 

Both compounds were used to dye wool separstely. 
4,5-dianilino 0-benzoquinone dyed wool rose 
while the dianilino p-benzoquinone-anil tautomer |lyed 
wool tan. It should be noted that the colors imp..rted 
by the crude mixture appear to be a combination of 
those imparted by its components. 4,5-dianilin) 
benzoquinone appeared to be superior in color and {ast- 
ness to the dianilino p-benzoquinone-anil tautome’ . 
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Analyses of Other Mixtures 


Mixtures resulting from separate reactions between 
o-toluidine and catechol and p-toluidine and catechol 
in the presence of potassium ferricyanide were chro- 
miutographed. The lowest of the three bands in each 
case was eluted, recrystallized, dried, and subjected to 
elemental analyses. 


Table 2. Analytical Results 


%C FH ZN FO Mol. wt. 
Cxleulated for 
CooHigN20: 79.44 6.00 9.27 5.29 302 
Found: 
o-toluidine com- 79.51 6.09 9.29 5.01 298 
pound (direct ) 
p-toluidine com- 79.07 6.04 9.78 5.11 
pound (by diff.) 298 


The melting point of the o-toluidine compound is 
143.5-145.5°C. The p-toluidine compound melts at 
178-179°C. Infrared spectrograms indicate three pos- 
sible structures in each case: 


CH;) 


| | H 


CH;) 


—=N.C.H,(CH;) 
H 


The dyeing properties of both compounds were ex- 
amined. The violet o-toluidine compound dyes wool 
beige; the dark violet p-toluidine compound imparts a 
pale yellow color to wool. 


x 


Summary 


In this work, 43 aromatic amines were treated with 
catechol in the presence of an oxidizing agent. The 
products were tested for dyeing properties. The use 
of acetone-water solutions effectively prevents the 


formation of tarry side products in most cases. At 
least seven dyes are ideally suited for student laboratory 
preparations in enriching the teaching of vat-dyeing. 
They may be prepared readily and safely at room tem- 
perature in one laboratory period, utilizing commonly 
available apparatus. Each student may prepare a 
different mixture, thereby permitting a comparison of 
the different colors on cloth. 

4,5-dianilino o-benzoquinone and a tautomer of the 
known 2,5-dianilino p-benzoquinone anil were found 
to be the major products of the oxidation of catechol 
in the presence of aniline under the conditions cited here. 
The latter product had not been previously identified in 
this reaction. Work is continuing in the separation 
and identification of the other mixtures to determine 
whether any similarity exists in the pattern of these 
reactions. 
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The Chemical Elements and Their Isotopes 


A 38-page booklet with this title has been published by the Museum of Science and Industry, 
Chicago, Illinois. There is a wealth of up-to-date information compiled into easily used tables 
in this small volume, originated by the staff of the Museum and revised by Gilbert Gordon of the 
University of Chicago. The 975 known (May, 1960) isotopes of 103 elements are tabulated. 
Weights in mass units, decay characteristics (type of radiation and half-life) and (in the case of 
isotopes not found in nature) the nuclear reactions for production are listed for ready reference. 
A long-form periodic table and a fold-out chart showing the genetic relationships of members of 
the four radioactive series are included. Concise, well-written introductory chapters discuss the 
periodic table, essentials of nuclear chemistry, and radioactivity. 

This convenient complete reference for teachers and students is available for $1.05 from the 
Museum of Science and Industry, Jackson Park, Chicago 37, Illinois. 
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A common (and correct) criterion for 
optical isomerism is that the molecule in question and 
its mirror image be nonsuperimposable. However, a 
second criterion has been added, by statement or im- 
plication, in a number of standard organic texts:' that 
optical isomerism occurs if the molecule has no plane 
of symmetry. Further, it is often assumed that the 
second criterion follows from the first. This is simply 
not so, as can be seen by examining the marked cubes 
in the figure. These cubes contain no plane of sym- 
metry; the two large ones are clearly mirror images 
of each other yet are readily superimposable. This 
can be seen easily by comparison with the smaller cube 
below, which becomes the left cube by a 90° rotation 
around a vertical axis and the right one by a 180° 
rotation around a horizontal axis. 

There can be little question about the first criterion. 
If a molecule and its mirror image cannot be superim- 
posed, then there are certainly two distinct isomers.? 
As the mirror-plane rule is not a sufficient alternative, 
one ought, perhaps, to investigate the criteria jor super- 
imposability more completely. 


The Symmetry Elements 


A molecule may be idealized as a collection of points 
(nuclei) in a fixed mutual relationship. Any other 
molecule with the same arrangement of nuclei will be a 
molecule of the same chemical substance. The com- 
bination of internuclear distances and angles determines 
the physical and chemical behavior of the substance. 

Such a molecule may be reoriented in space without 
altering this mutual relationship. It can be shown 
that any possible reorientation can be accomplished 
by rotation about some axis. The molecule may also 
be reflected (that is, changed into its mirror image) 
while maintaining the same internuclear angles and 


Suggestions of material suitable for this column and guest columns 
suitable for publication directly are eagerly solicited. They 
should be sent with as many details as possible, and particularly 
with references to modern textbooks, to Karol J. Mysels, Depart- 
ment of Chemistry, University of Southern California, Los 
Angeles 7, Calif. 

1 Since the purpose of this column is to prevent the spread and 
continuation of errors and not to evaluate individual texts, 
the source of errors discussed will not be cited. To be presented, 
the error must occur in at least two independent standard books. 

2 It may not seem immediately obvious, however, that optical 
activity will result. This point is well covered by D. F. Mowery, 
Jr., J. CoeM. Epuc., 29, 138 (1952). 

3 To be sure, electrons play the major role in determining these 
distances and angles. However, any two ground-state molecules 
having the same nuclear arrangement will have the same electron 
distribution. 
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Textbook Errors, 27 
The Criterion for Optical Isomerism 


distances. If after rotating or reflecting our molecule, 
we find ourselves with a structure that looks just like 
the original in its original orientation, we have dis- 
covered a symmetry element for this structure. 


A first type of symmetry element is a rotation axis. 
Methy! chloride, for example, possesses as a symmetry 
element a rotation axis along the C—Cl bond. Ro- 
tation through 120° brings one to an orientation in- 
distinguishable from the original. If the required 
rotation is 360°/n, we call the element concerned an 
n-fold axis of symmetry, and indicate it by the symbol 
C,,. 


Symmetry Elements Involving Reflection 


Reflection in a given plane is a possible symmetry 
element—that is, following reflection one may again 
find an arrangement indistinguishable from the original. 
In this case the molecule is said to possess a plane of 
symmetry, commonly designated o. If such a plane 
is present, the molecule and its mirror image do not 
differ—that is, they cannot be two distinct species of 
molecule. The presence of a “mirror plane’’ is thus 
sufficient to rule out the possibility of optical isom- 
erism. 

We have seen by concrete example, however, that the 
absence of a mirror plane does not necessarily meal 
that optical isomerism will exist. To cover this case 
adequately we must observe the possibility of a third 
type of symmetry element, rotation followed (or pre- 
ceded) by reflection in a plane perpendicular t» the 
rotation axis. Such an element is called a rot:tion- 
reflection axis, S,. As a simple example, ethane 1 
the staggered rotational position has a sixfold ro‘ ation 
reflection axis along the C—C bond. Rovation 
through 60° plus reflection brings the hydrogens from 
one methyl group into the positions formerly oc: upied 
by those of the other methyl. 

If a rotation-reflection axis exists, the mirror mage 
of our molecule is identical with the original reor en 
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in space, and distinct optical isomers do not exist. 
Thus the presence of either a plane of symmetry or a 
rotation-reflection axis rules out optical activity. 

The cubes in the figure each contain a fourfold ro- 
tation reflection axis. The reflecting plane is hori- 
zontal, the axis vertical. The small cube represents 
the intermediate stage of applying this symmetry 
element to the large left cube since it can be trans- 
formed into the latter either by a 90° rotation around a 
vertical axis passing through its center or by a reflection 
from a horizontal plane passing through its center. 

That these considerations are not an idle speculation 
is shown by the fact that McCasland and his colleagues 
have synthesized molecules having no other significant 
symmetry element than a rotation-reflection axis,‘ 
such as a pentaerythritol esterified with four optically 
active methyloxyacetate groups, two of them (+) and 
two (—): 


(+ 


CH,0COCH:R( — ) 


(+)ROCH;OCOH,C’ CH,OCOCH:R(—) 


A number of discussions mention the center of sym- 
metry as a criterion for the absence of optical isom- 
erism. This element, sometimes indicated by 7, is 
identical with the twofold rotation-reflection axis S2, 
and is thus included in the above. In the strictest 
sense, the mirror plane g is also included, being identi- 
cal with S;. For many of us, centers and planes of 
symmetry are probably best visualized separately 
from the rotation-reflection axes. 

Thus optical activity requires the absence of a num- 
ber of symmetry elements, namely all those involving a 
reflection either alone or combined with a rotation. 
Other symmetry elements may however be present 


without precluding optical activity, especially the 
simple rotation axes. Thus the molecules of p- or 
L-tartaric acid contain a twofold axis. 


Internal Rotations 


The discussion above has been limited to rigid mole- 
cules. Molecules with intramolecular rotations pre- 
sent a further problem, rarely adequately covered in 
elementary texts. While individual rotational con- 
formations may be optically active, optical inactivity 
can result from equal molecular populations in states 
that are mirror images of each other. For.example, 
meso-2,3-dichlorobutane would be optically inactive 
although two of its three staggered rotational conforma- 
tions should be active by the criteria above. The 
trans rotational isomer contains, of course, a center of 
symmetry. 


Summary 


The basic criterion for optical isomerism may be 
stated as follows: Distinct optical isomers of a sub- 
stance may exist if, and only if, a molecule of the 
substance cannot be superimposed upon its own mirror 
image. 

The absence of planes and/or centers of symmetry 
does not produce a criterion equivalent to this one. 
Nor is the absence of any element of symmetry re- 
quired. The alternate criterion, to agree most closely 
with the first, should read in full: 

Distinct optical isomers of a substance may exist if, 
and only if, a molecule of the substance has no sym- 
metry element involving reflection. 

The elements considered must include, in addition 
to planes and centers of symmetry, the higher rotation- 
reflection axes. 


*McCastanp, G. E., ev au., J. Am. Chem. Soc., 78, 5646 
(1946); 81, 2399 (1959). 


5 For a thorough discussion see MowERY, op. cil., AND NOLLER, 
C. R., J. Cue. Epuc., 24, 600—4 (1947). 


Atomic Weight of Silver Redetermined 


A new value of the atomic weight of silver—a key element in determining atomic weights of 
other elements—has been obtained by the National Bureau of Standards with the cooperation of 
the Atomic Energy Commission. The new value results directly from a highly accurate deter- 
mination of the absolute isotopic abundance ratio of silver using the techniques of mass spec- 
Natural silver consists of two isotopes of approximately equal abundance: Ag” and Ag”®. 
Although the mass of each isotope is known in relative atomic units, until recently the isotopic 
abundance ratio (Ag™’/Ag™®) had not been measured accurately—that is, by using synthetic 
mixtures of silver isotopes as calibration samples. In general, the mass spectrometer will indicate 
slightly higher concentrations of one isotope than another, even though both isotopes may be 
present to the same extent. For this reason, it was necessary first of all to determine the instru- 
mental bias. This bias was measured by calibrating the instrument with pure silver samples 
especially prepared to contain known abundance ratios of the isotopes. Separated silver isotopes 
were obtained from AEC’s Oak Ridge National Laboratory for use as calibration samples. Five 
synthetic blends of silver were prepared with isotope ratios near that of naturally occurring silver. 
Once the mass spectrometer bias had been measured, the absolute isotopic abundance ratio of 
naturally occurring silver was accurately determined to be Ag™”/Ag”® = 1.0754, + 0.0013. 
This ratio was measured for reference silver nitrate and for native silver from various parts of the 
world. The variation among these samples was found to be insignificant, with one exception. 
From this isotopic ratio of the reference silver, corrected for the observed bias, the absolute atomic 
weight of silver was computed as 107.8731 + 0.0018 on the chemical scale. This figure differs 
significantly from the internationally accepted chemical value of 107.880. 
National Bureau of Standards Office of Technical Information 
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Dooerrt L A simplified modification of the isoteni- 
scope described by Greene! was constructed from 
equipment available in most college chemistry labora- 
tories. This simple, rugged design permits easy access 
for filling and cleaning, and the accuracy of the measure- 
ments equals those made with more complicated and 
delicate devices which are often used in the static 
method of vapor pressure measurement. 

The apparatus (see figure) consists of an inverted 
semimicro test tube (10 X 75 mm) attached to the bulb 
of an accurate thermometer graduated in tenths of a 
degree Centigrade. These items were housed in a 200- 
ml round-bottom boiling flask fitted with a condenser 
which was connected to the usual manometer-ballast 
tank system.? Ground glass joints were used through- 
out to prevent contamination of the liquid being 
measured. 


TO MANOMETER-BALLAST 
TANK SYSTEM 


ACCURATE 
THERMOMETERS 


CONDENSER 


(AIR OR JACKETED) gd 


PT WIRE 
|— TEST TUBE 


THERMOSTAT 


In the operation of the apparatus, the inverted test 
tube was completely filled with the liquid whose vapor 
pressure was to be measured. To fill the inverted test 
tube, the boiling flask was filled about */, full and the 
assembled apparatus was carefully tilted until the air 
in the inverted test tube was completely displaced by 
the liquid. The excess liquid was removed until about 
2-3 cm of the test tube was exposed above the level of 
the confining liquid. The condenser was connected to 
the manometer-ballast tank system, the boiling flask 


1 GREENE, S. A., Anal. Chem., 28, 428 (1956). 
2 LivinGsToNE, Rosert, “Physico Chemical Experiments,”’ 
3rd ed., The Macmillan Co., New York, 1957, p. 63. 
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A Simple Isoteniscope and an Improved 
Method of Vapor Pressure Measurement 


was placed in a thermostat, and the apparatus was 
ready for operation. 

The temperature of the liquid was lowered to the 
lowest point of the temperature range to be studied, and 
the system was evacuated until the inverted test tube 
was filled with vapor. The liquid was then allowed to 
come to temperature equilibrium with the thermostat 
(the thermostat was equipped with an equally accurate 
thermometer), and finally the pressure of the system 
was adjusted slowly until the liquid levels on the in- 
side and outside of the inverted test tube were ex:ctly 
equal. At this point, the temperature of the system, 
the manometer levels, and the barometric pressure were 
noted and recorded. The temperature of the thermo- 
stat was increased a desired amount, and the system 
was again equilibrated with respect to temperature and 
pressure. This procedure was repeated at regular 
temperature intervals until the normal boiling point 
was reached. 

Although the apparatus was primarily designed for 
student use in physical chemistry, the accuracy of the 
measurements was limited mainly by the accuracy of 
the temperature and manometer-level measurements. 
Greater accuracy may be obtained by using certified 
or calibrated thermometers and a cathetometer to 
measure the manometer levels. The vapor pressure of 
reagent-grade carbon tetrachloride was measured with 
this apparatus at six temperatures between 20°C and 
the normal boiling point (76.8°C). The values ob- 
tained using a meter-stick manometer were all within 
1—2 mm of the literature values. 

The principal sources of error in the usual isoteni- 
scope methods of vapor pressure measurement were 
reduced considerably by this apparatus and procedure. 
These sources of error are: (1) incomplete elimination 
of air from the system, (2) inaccurate equalization of the 
liquid levels in isoteniscopes of the type described by 
Smith and Menzies,’ and (3) the uncertainty concerning 
temperature equilibrium conditions at the time of pre> 
sure measurement. 

This apparatus has overcome the error arising from 
the first source by completely filling the test tube % 
that the vapor accumulated is entirely that of the 
liquid being measured. Of course, liquids whic! may 
contain dissolved gases as impurities must be purified 
prior to use in vapor pressure measurements. 

The second source of error was minimized bv this 
apparatus because the liquid levels are as close together 
as is possible and the undersurface of the confining liquid 
provides a large flat reference plane by whic! the 
levels may be easily and accurately equalized. 


A., AND Menzigs, A. W. C., J. Am. Chem. 3% 
1412 (1910). 
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The third source of error is frequently overlooked. 
Livingstone* suggests the inclusion of a thermometer 
well in the isoteniscope bulb so that temperature equi- 
librium can be ascertained at the time of the pressure 
measurements. Student experimental procedures fre- 
quently recommend repetition of the measurements 
until duplicate results are obtained, and the assumption 
is made that duplication of results indicates aduplication 
of experimental conditions. While this assumption is 
sometimes necessary, the student should be urged to 
make observations under carefully controlled experi- 
mental conditions. This apparatus can be used to 
demonstrate that fairly reproducible, but erroneous, 
vapor pressure measurements can be obtained during 
noi-equilibrium conditions. If the system is evacuated 
to 1 pressure below the vapor pressure of the liquid, the 
liquid vaporizes and is cooled. By boiling carbon tetra- 
chloride for about one min., the temperature was re- 
duced some 10-12° below that of the thermostat, and 
some 25-30 min. were required for the liquid to come to 
temperature equilibrium with the thermostat. During 
this slow temperature equilibration period, the liquid 
levels were equalized and the pressure was measured. 
This pressure remained constant for 2-3 min. because 
there was essentially no change in the temperature of the 
liquid during this interval. The system was re-evacu- 


ated slightly and the measurements were repeated; the 
results were duplicated to within 1-2 mm. Because of 
the large thermal capacity of the thermostat, there was 
practically no change in the temperature of the thermo- 
stat, and the duplication of results suggests that the 
observed vapor pressure corresponds to the temperature 
of the thermostat. However, the inner thermometer 
revealed that such was not the case, because the temper- 
ature of the liquid was still several degrees cooler than 
the thermostat. It is for this reason that an accurate 
thermometer is included as part of the system rather 
than as a part of the surroundings. 

Because the rate of temperature equilibration was 
very slow, the thermostat was heated well above the 
desired temperature in order to increase the rate of heat 
transfer into the isoteniscope. When the system 
reached the desired temperature, the thermostat was 
quickly cooled to the temperature of the system by the 
addition of small pieces of ice. 
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The reaction of zirconium with hydrogen 
offers an interesting system for teaching some of the 
principles of chemical equilibria. These are: (1) the 
effect of pressure and temperature upon the solubility 
of gases in metals, (2) the van’t Hoff equation, (3) the 
equilibria between two solid phases, (4) the Gibbs phase 
rule, and (5) the construction of a phase diagram. 

It is the purpose of this paper to describe a simple 
apparatus which can be used in a university teaching 
laboratory and, as an example, to determine equilibria 
data for several regions of the zirconium-hydrogen 
phase diagram. This equilibria data can be used to 
calculate the heat and free energy of formation of hy- 
drogen in the hydride and solid solution phases and to 
check the existing phase diagram. 

From a technical point of view metal-hydrogen re- 
actions play an important role in nuclear power re- 
actors. It has been found that hydrogen reacts 
vigorously with many of the metals used either as fuel 
elenents or for “cladding” the slugs containing fission- 
able material. 


Zirconium-Hydrogen Reaction 


Zirconium reacts with hydrogen to form the y hy- 
dride ZrHy.4~1.93(1-5) in addition to dissolving in the 
a and @ phases of zirconium. Figure 1 shows the 


Hydrogen in Zirconium 


An experiment in chemical equilibria 


zirconium-hydrogen phase diagram based on informa- 
tion available in 1959. No data are available beyond 
900°C. A critical point may exist for the 8 + y and y 
phases slightly above this temperature judging from the 
known slopes of the boundaries. Note that Figure 1 is 
not an isobaric section. 

Thermodynamic properties of hydrogen in the several 
phases can be determined by measuring the hydrogen 
pressure as a function of temperature and composition. 
Since hydrogen diffuses rapidly in zirconium at tempera- 
tures as low as 400°C, equilibrium is easy to achieve and 
reversibility is easy to demonstrate. 

The dissolution of hydrogen in the @ and 8 solid 
solution phase and the formation of the y hydride phase 
is given by the equations: 

H.(gas) = 2H (dissolved in a-Zr), (1) 
H:(gas) = 2H (dissolved in 8-Zr), (2) 


H:(gas) = 2H (as 7-hydride) (3) 


The free energy equations for the equilibrium between 
the gas and solid phases are: 


Fu,(gas) = 2F ac.) (solid) (4) 
Fr,(gas) = (5) 
Fu,(gas) = 2Fu;,)(solid) (6) 
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Here Fy, (gas) refers to the free energy of hydrogen in 

the gas phase; and Fy,,), Fry, Fry) refer to the 

partial molar free energies in the a, 8, and y phases. 
Since the gas phase is ideal, 


Fu,(gas) = Fu,°(gas) + RTInPa, (7) 


Here Fy,° (gas) is the standard free energy and Py, is 
the pressure of hydrogen. 
Substituting equation (7) in equation (4) we have 


= Pu,°(gas) + RTInPu, (8) 


Similar equations can be set down for the other phases. 
From equation (8) we can calculate the partial molar 
free of hydrogen in the a-phase of zirconium. 

The equilibrium constants K for equations (1-3) 
have the form 


(a*Nu)? 
K= Pu, (9) 
Here Ny is the mole fraction of hydrogen, and a* is the 
activity coefficient. (6-9) 
The heat of solution of hydrogen in the several 
phases in the zirconium-hydrogen system can be deter- 
mined by the use of the van’t Hoff equation, 


dinK AA 

a ~ + Br 
Here AZ is the partial molar heat of solution, applying 
to a particular composition in a specific phase. R is 
the gas constant. Substituting (9) in (10) we have 


d{InPx, — 2In(a*Ny)] | —AA 

dT 

Although equation (11) will adequately describe 
equilibrium behavior in the zirconium-hydrogen system, 
introduction of the Gibbs phase rule provides a more 


(11) 


300 


TEMPERATURE (°C) 


10 20 30 40 +50 
AT.-% HYDROGEN (100 H/H+Zr) 
Figure 1. Zr-H system (5). 


| 


easily remembered generalization. If variables other 
than temperature, pressure, and composition are ex- 
cluded, heterogeneous equilibrium can be described by 
the equation 


C+2=P4+F (12) 
where C = number of components = 2 in Zr-H system, 
P = phases present, and F = degrees of freedom or 


independently adjustable variables. Since zirconium- 
hydrogen alloys cannot exist as shown in Figure 1 
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Thermocouple 


Monometer Cold Trap 
(dry ice) 


Figure 2. Apparatus. 


except in equilibrium with hydrogen gas, the gas ph.ise 
is always present and equation (12) is 


C+1=P+F (13) 


In the single phase regions of the Zr-H diagram 
equation (13) predicts two degrees of freedom. There- 
fore, the pressure depends both on temperature and com- 
position. However, if composition changes due to 
dissociation can be minimized, equation (11) becomes 
The heat of solution can be determined from the slope of 
a log P versus 1/7 plot. When appreciable dissocia- 
tion occurs, equation (11) must be used. 

In the two-phase regions the experimental method is 
simpler. The phase rule predicts only one degree of 
freedom, and the total composition can vary without 
affecting the dissociation pressure-temperature curve. 


The Experiment 


Apparatus. An inexpensive apparatus is shown in 
Figure 2. It is best to use high vacuum techniques 
(10) since any surface contamination greatly reduces 
the rate of reaction. 

The reaction tube is constructed of Vycor! or quartz 
and sealed to the Pyrex glass system. Dissociation 
pressures above 1 mm of Hg can be read on a man- 
ometer. The McLeod gauge will determine the pressure 
from 1 to 10-> mm of Hg. : 

To lower the pressure to less than 10-* mm of Hg a 
zirconium filament getter is used. These may be pur- 
chased or prepared by coiling a 3-5 mil, high purity, 
zirconium wire 10 in. long around a 10 mil molybdenum 
wire.” 

Furnace design and the experimental procedure are 
governed by the type of temperature control used. The 
gradient across the hydride sample is less than 5°C. 
A simple means of controlling the temperature is with 
a single setting of the variable voltage transformer. 
The furnace is so constructed as to give a shallow !tu- 
ral gradient, and the temperature of the sample is v» ried 
by moving the furnace along the sample tube. 

Samples. Zirconium hydride, ZrHy.s5s, is used a= the 
starting sample and as the source of hydrogen. I can 


1 Trademark of Corning Glass Company, Incorporated. 

2 Sources of Zr wire are Foote Mineral Company, Philade! »hia, 
and R & D Metals, Kidron, Ohio. Filaments can be obt ‘ined 
from Union City Filament Corporation, Union City, N. J and 
Associated Engineering and Manufacturing Corporation, (‘len 
Ridge, N. J. 


| ir Vycor-pyrex Seal be 
Getter Vycor-pyrex Sea 
mi 
sp: 
q Th 
4 
th: 
on 
sic 
10 
ho 
is : 
Th 
an 
90 
act 
ass 
Zr 
th 
mé 
va 
na 
raj 
tir 
bil 
tu 
; ANS at 
soo} 4%, ; | 
! 
rf a B B a ly | ov 
600 x sti 
sit 
ary Al 
ga 
400 | 
| te 
ll 
th 
di 
re 
re 
du 
In 


be purchased* or prepared by reacting high purity, 
etched, 15-20 mil zirconium wire and hydrogen gas. 
The hydride is placed in a small platinum boat and in- 
serted into the quartz or Vycor reaction vessel. The 
re.ction vessel is then sealed, through a Vycor-to-Pyrex 
grided seal, directly to the pyrex system. Only a 
minimum of glass blowing skill is needed since the same 
specimen can be used for a large number of experiments. 
The sample is positioned by using a magnetic pusher 
counected to the platinum boat through a nickel rod. 

The size of the sample depends upon the volume of 
the system and the pressure range to be studied. Fora 
one liter system a 1-g sample of ZrHj.s5 is convenient for 
study of the y, 8 + y, and 6 regions of the Zr-H system. 

Procedure. Using the fore-pump and mercury diffu- 
sion pump the system is evacuated to a pressure of 
10-* mm of Hg or less. If a new Vycor reaction tube 
is used, it is well to heat the tube to 800°C for several 
hours to degas while pumping. The zirconium getter 
is also degassed at an orange-red heat (1050°C) for 2 hr. 
The reaction system is then separated from the pumps, 
and the getter filament cooled to red heat (800° to 
900°C). Thirty min. is sufficient for the getter to re- 
act completely with the traces of gas in the system. To 
assure rapid diffusion the furnace is placed about the 
ZrHj.55 sample at 800°C and held for 1 hr. to dissolve 
the room-temperature-formed oxide film on the surface. 

Pressure measurements are made using the mercury 
manometer and McLeod gauge. The temperature is 
varied between 800° C and 500° C by moving the fur- 
nace along the reaction tube. Equilibrium is achieved 
rapidly, and reliable pressure readings are made every 
30 min. at a different temperature. 

The temperature can be raised and lowered many 
times over a period of weeks with complete reproduci- 
bility. An occasional pressure check at room tempera- 
ture will determine the need for additional pumping or 
gettering by the filament. The sample itself is a getter 
at the temperatures used. 


Results 


Dissociation of ZrH\.55 (61 atomic per cent H). Curve 
A of Figure 3 shows a plot of the equilibrium pressures 
over the temperature range of 450° to 800°C for a 
starting composition in the y-hydride region. Below 
557°C, or a pressure of 9 X 10! mm of Hg, the compo- 
sition of the hydride remains relatively constant. 
Above this pressure the effect of loss of hydrogen to the 
gas phase on the composition is noticeable. Since this 
composition is in the single phase region, the pressure- 
temperature curve is no longer a straight line. 

On further heating; the specimen continues to lose 
hydrogen until at 705°C the pressure reaches a value of 
11.5 mm of Hg. At this point the composition enters 
the 3+ y region. Between 11.5 and 45 mm of Hg the 
dissociation pressures are characteristic of the two phase 
region. Above 45 mm of Hg (757°C) the 8 region is 
reached. The pressure-temperature curve again bends 
due to the loss of hydrogen in the single phase region. 
In this experiment we have followed the dashed curve 
Ain Figure 1. 

Dissociation of ZrH,.. (55 atomic per cent H). Curve 
B was obtained with the same sample as curve A ex- 


* Metal Hydride, Inc., Beverly, Massachusetts. 


Table 1. Summary of Thermodynamic Data 


Phase Equation aA 
region log P (mm of Hg) (cal/mole of He) 
(61 
atomic 
per 
centH) logiw P = —10,220/T°K + 12.21 — 46,750 
at Y logio = —9820/T°K + 10.77 — 44,920 
P = —11,140/T°K + 12.44 —50,960 
a+8 P = —5780/T°K + 5.94 — 26,440 


cept that some of the hydrogen was removed by heat- 
ing to 850°C. The straight portion of the curve above 
8.5 X 10-2 mm of Hg and 553°C applied to the 8 + y 
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Fig. 3. Zirconium-hydrogen equilibrium. 


equilibrium region. Note the coincidence with the 
upper part of curve A. Below a pressure of 8.5 X 107? 
mm of Hg (553°C) another straight line is obtained with 
a slightly different slope. This pressure-temperature 
curve is for the equilibrium between hydrogen and the 
a + vy phases. The literature values (5) of the y- 
hydride in equilibrium with 8 and a Zr as well as a Zr in 
equilibrium with 6 Zr are also plotted in Figure 3. The 
dashed curve B of Figure 1 shows the course of the 
experiment. Using this type of data it is possible to 
check the entire zirconium-hydrogen phase diagram. 

Thermodynamic Quantities. Table 1 shows the dis- 
sociation pressure-temperature equations together with 
the calculated values of the partial molar heat of solu- 
tion for the single and several two phase regions using 
equation (14). The partial molar free energy and en- 
tropy of solution could also be evaluated from the dis- 
sociation pressure data using equation (8). 
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L. working with easily-hydrolyzed ma- 
terials such as titanium tetrachloride and halides of 
hafnium and zirconium, it is necessary to exclude all 
traces of moisture in order to prevent hydrolysis. 
The. high cost of “isolabs’” or commercial dry boxes 
restricts their use in smaller institutions. An ex- 
haustive literature search describes Tyree’s! box at a 
cost of $616 in 1954 and Johnson’s? box probably cost- 
ing considerably more in 1957. Since our box was 
found suitable for working with easily-hydrolyzed 
materials, and its total cost was only $31 (1959), we 


should like to describe it here in the hope that it will 
be of use to undergraduate and graduate students at 
institutions that have limited funds for research (see 
figure). 

A discarded soda-pop cooler was used for the main 
construction of the dry box. Discarded refrigerators, 
iceboxes, or freezers can be utilized similarly. The 
cooler was already watertight, and little difficulty was 
encountered in making it airtight. The opening at the 


1 Tyres, S. Y. Jr., J. Coem. Epuc., 31, 603 (1954). 
2 Jonnson, R. E., J. Cuem. Epuc., 34, 80 (1957). 
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An Inexpensive Dry Box 


front of the cooler was divided into two sections, 
one being larger than the other. Neoprene weather 
stripping was cemented to the face openings of the box, 
and a safety glass pane was firmly held against the 
stripping of the upper, larger section by means of screen 
door clamps. 

A removable Plexiglas pane was used to cover the 
lower front opening. Shoulder-length Neoprene gloves, 
readily obtainable from most scientific supply houses, 
were sealed to the Plexiglas pane by means of bolts 
and a Plexiglas gasket, as shown in the figure. ‘The 
box is entered into directly from the laboratory atmos- 
phere. However, the box could easily be modified 
to contain an entering chamber. 

The inside walls were covered with plyboard to 
allow for the supporting of stands, racks, etc. ‘The 
inside was also painted white to aid in good lighting 
which was provided from an ordinary desk lamp. 
Epoxy resin paint was used in order to prevent the 
carbohydrate constituents in the wood from dehydrat- 
ing. Threaded holes were drilled through the sides, 
and water, electrical, and gas inlets were screwed in 
place. The gas inlet, used in our experiments for ni- 
trogen, was fitted with a perforated glass tube which 
helped to better distribute the gas evenly in the box. 
The tank nitrogen was dried before entering the inlet 
by bubbling it through concentrated sulfuric acid and 
then through a 40-cm tube containing anhydrous 
magnesium perchlorate. 

A 1/,-in. outlet tube was provided in the top of the 
box which connected to an outside 40-cm column «on- 
taining anhydrous magnesium perchlorate and an- 
hydrous calcium sulfate. The ends of this tube and 
the drying tube leading from the nitrogen tank were 
fitted with stopcocks to preserve the drying agents 
when the box was not being used. 

- When an open bottle of titanium tetrachloride 
was exposed in the dry box for six hours, no tita: um 
dioxide was detected on the mouth of the bottle. 


3 Morton, A. A., “Laboratory Technique in Organic Cl. mis 
rty,’’ McGraw-liill Book Co., New York, 1938, p. 3. 
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F. W. Cagle, Jr. 
and R. P. Smith 
University of Utah 
Salt Lake City 


I is our intention in this paper to dis- 
cuss the applicability of punched card methods to ex- 
amination programs in elementary chemistry.! These 
examinations are of the multiple choice type. We 
fully realize the objections and pedagogic drawbacks 
which are inherent in multiple choice tests. However, 
with careful selection of both questions and answers, it 
is quite possible to eliminate some of these objections. 
The current steady increase in enrollment without a com- 
parable increase in assistance has made necessary a re- 
vision of testing methods as well as of the recording and 
keeping of student grades. Further, it is possible to 
obtain a high degree of reliability, eliminating much 
human error, by use of punched card techniques. It is, 
however, often true that those who teach elementary 
classes are not acquainted with the range or nature of 
the available equipment. 

The remarks in this paper are, of course, conditioned 
by the equipment which was available to us. The gen- 
eral techniques which are described as well as the par- 
ticular steps are applicable with slight modifications 
if other equipment is employed. The equipment used 
is listed in Table 1. 


Table | 
Equipment Use 


1. Alphanumeric card Preparation of original master 

punch card deck. 

2. Card sorter Mechanical sorting and alphabet- 
izing of cards. Statistical study 
of results. 

All reproducing and gang punch- 
ing operations including repro- 
duction of examination deck and 

reparation of final 
ark sensing. 

Preparation of printed lists of 
cards for rolls, seating lists, quiz 
room lists, ete. 


3. Document-originating 
machine with mark- 
sensing units 


record. 


4. Accounting machine 


5. Collator Preparation of final record deck. 

6. Card interpreter Printing on each card of data 
punched on that card, for the 
use of students and quiz instruc- 
tors. 

7. Burroughs 205 computer Examination grading. _Prepara- 

or IBM Type 650 data tion of final records. Statistical 


processing machine studies. 


The particular format chosen for the examination 
mark--ense card was influenced by considerations of 
convenience in grading. For the grading, a Burroughs 
205 Computer was used. However, the information 
placed on the cards was that which would generally be 

‘A general reference on the subject of punched cards is: 


Casey, R. S., er “Punched Cards,” 2nd ed., Reinhold Pub- 
lishing « orp., New York, 1958. 


Punch Card Scoring and Record Keeping 
for Elementary Chemistry Courses 


required. The name of the student together with his 


initials were placed in the last 20 card columns. The 
name was in fact not used in the actual identification, 
which was done by a serial number. The serial number 
is assigned and reproduced on the card as soon as the 
names have been entered in the cards of the master 
deck from a class list and the cards sorted into alpha- 
betical order. The alphabetization of the cards may be 
conveniently accomplished by use of a card sorter. It 
is, of course, necessary to leave unused serial numbers 
for the insertion of late registrants. 

Another very convenient use of the master deck is to 
prepare a seating-list deck. In this way a roll of the 
class with seats in the lecture hall (if these are assigned) 
may be printed much more quickly than it is possible 
to type this information. One may also employ an 
optimum seating list which will make best use of the 
space available in the lecture hall. This is reproduced 
from an optimum deck listing the available seats. 
Further, an indefinite number of copies of this list may 
be easily and cheaply prepared. It is also possible to 
sort the deck mechanically so that lists by increasing or 
decreasing seat numbers may be made. These are, of 
course, useful with large classes. The flexibility of the 
card deck and the ability to mechanically sort on the 
information contained is a very attractive feature of 
the entire system. Individual quiz-section lists may be 
prepared without the labor and errors introduced by 
hand collation of an enrollment list. Errors in spelling 
of names or initials may be quickly and permanently 
corrected, since each involves but a single card in the 
master deck. 


Administration and Grading of the Examinations 


Examination grading, being a definite and repetitious 
process, is a job ideally suited to a medium-sized com- 
puter, such as the Burroughs 205 or the IBM 650. 
Larger computers could, of course, be used. In order 
that the information be readily available to the com- 
puter, we have used IBM mark-sense cards for the 
student answer forms. Just before the examination, 
each student receives such a card with his name, sec- 
tion, serial number, and possibly seat number, as shown 
in Figure 1. This information is reproduced on the 
examination cards from the master class-card deck and 
printed with a card interpreter. It is convenient to 
prepare a number of such decks at the same time at the 
beginning of the term, rather than each time an ex- 
amination is given. We instruct the students to mark 
their choices with a type 3-B pencil, as the mark- 
sensing equipment requires a conducting pencil mark 
of this type. The students also are instructed to mark 
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their choices on the examination booklet, preferably 
first to minimize erasing on the answer card; they keep 
the booklet and thus have a record of their choices. 
The instructions given on our card (Fig. 1) are those 
which our experience has shown necessary. 


cd2c0> 


| 


| 

2 + 6 9 “en 22 23 24 25 26 27 
INSTRUCTIONS TO STUDENT THLRE ONE BND ON. ONE CORRECT OR BEST CHOICE QUESTION. FOR 
| 


2 QUESTION, MARK YOUR CHOICE (1.2.3.4, OR 5) OR ELSE WERK ZERO (0) TO INDICATE THAT YOU ARE OMITTING THE 
QUESTION. QUESTIONS OMITTED COUNT NEITHER FCR KOR YOU DELUCTIONS ARE MADE FOR WRONG ANSWERS. 
YOU MUST USE 4 3-8 PENCK. NO MARKS EXCEPT To 


Card submitted to student for examination. 


A mark-sense card has a maximum of 27 mark-sense 
columns, allowing for this many questions. In the 
special format shown (Fig. 1), 25 questions are usually 
used. The number could be doubled by having the 
card specially printed on both sides, but we prefer to 
use two or more cards per student for long examinations. 
These may conveniently be identified by punches and 
by printing as card 1, card 2, etc. When the cards are 
returned by the students, they are easily sorted into 
categories. The student is instructed to mark “0” for 
each question he wishes to omit. It is best, for auto- 
matic grading purposes, to have one and only one best 
or correct choice for each question, and to have the 
same number of choices per question for each question 
answered on a given card. The number of choices per 
question may be any number from two through five, 
although generally two choices (for true-false questions) 
or five choices (for multiple-choice questions) would be 
used. It is possible (using a less desirable card format) 
to have nine choices (or ten, including ‘0”) per ques- 
tion, enabling the student to mark an actual numerical 
answer, such as a coefficient in a balanced equation or 
a problem answer (using several columns for the answer). 

A reproducing punch with mark-sensing units is 
used for reading the 3-B pencil marks in mark-sense 
columns 1, 2, 3,... and making corresponding punches 
in card columns 1, 2, 3,... Figure 2 shows the ap- 


pearance of a typical student card after this operation. 


At this point, the cards may be sorted, or interpreted 
and scanned by eye, to find missing punches; or, in 
the mark-sensing process, it is possible to wire the 
control panel to offset cards having missing punches. 
Then it can be determined if (as usually will unfor- 
tunately be the case) some cards have not been marked 
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Figure 2. Card marked by student, with mark-sense punching completed. 
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with a 3-B pencil; punches on such cards may, if 
desired, be entered manually with a card punch. 

Next, the student cards are completely reproduc:d 
(“80-80” reproduction) onto fresh cards. It is rot 
desirable to operate with cards having graphite ma) ks 
any more than is necessary—these marks tend to ¢ og 
reading brushes, and may cause computer reac -in 
difficulties. The resulting deck we call the compi ‘er 
input deck. The original student cards are now fied 
for possible future reference. A special card is : \so 
punched in columns 1, 2, 3, . . . with the correct choices 
for the corresponding questions; we call this ‘he 
correct answer card. 

It is now possible to grade the exams with «ny 
stored-program computer having punched-card input 
and output, or suitable auxiliary equipment to make 
indirect card input and output possible. We read a 
program, plus the correct answer card, plus the com- 
puter input deck into a Burroughs 205 computer, which 
calculates scores and tallies them. Then two output 
decks are punched, having the original information plus 
the correct answers and scores. A list also is printed 
by the computer giving the average, the number of 
students having each score, and the total number of 
students. Many variations are possible—a computer 
allows for complete flexibility in the information 
printed or punched out, and the format. 

It may or may not be possible to have the computer 
punch out the student names, depending on the par- 
ticular equipment available. If not possible, they may 
be reproduced from the computer input deck. There 
now is no further need for the input deck. 

The computer output decks are made readable by an 
interpreter (Fig. 3). One deck is filed as the instructor’s 
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Figure 3. Card returned to student, showing results of examination. 


record. The other may be returned to the students, 
allowing them to see their choices, the correct choices, 
and their scores. Any student who suspects the pres- 
ence of an error of any type, either in the record of 
the choices marked or the computation of the score 
may check with the instructor, who will have the 
original cards for reference. There is no possibility 
for a student to change anything and sucessfully claim 
that an error occurred. Or from a more positive view- 
point, every student can be sure that no error }.s 0¢- 
curred in the computation and recording of his core. 
As extra assurance to the student, a list giving s' ident 
serial number versus score could be tabulated froin the 
instructor’s copy of the computer output dec. and 
posted. 

An important advantage separate from co! puta- 
bility is evident at this point. Since the student -cores 
are punched in cards, machine methods may be 1 -ed to 
make surveys of the distribution of answers t: some 
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or all questions, e.g., the number of students marking 
1, 2, 3, ..., respectively, to question 1. The simplest 
and most readily available machine suited to this pur- 
pose is the sorter; one simply sorts on the questions 
desired and counts the number of cards falling into the 
various pockets. Some sorters are equipped with coun- 
ters on each pocket. An IBM Electronic Statistical 
Machine will make surveys on several questions at 
once and make a printed record of the results. Or, the 
computer program could include such a survey to be 
priited out when the tabulation of grades is printed. 


Final Grading 


Many different schemes, all making use of automatic 
machinery, can be used for accomplishing all tasks con- 
necied with final grading, except those calling for human 
judgment. 

Tn selecting a scheme, a decision is first of all neces- 
sary as to whether or not the grades of individual exams 
should be recorded on a master deck (perhaps the same 
master deck we have discussed above). If they are 
transferred, there is the advantage that a student’s per- 
formance in the class may be inspected at any time by 
looking up only one card. The transfer of grades from 
computer output cards to master cards is readily ac- 
complished with a reproducing punch. Before re- 
producing, the decks must be put in exactly corre- 
sponding order; this is easily done by sorting both decks 
into serial order and then picking out of the master 
deck the cards for which there is no corresponding exam 
card. More speed, with less chance for error, will re- 
sult if a collator is used for this task. If the grades are 
not reproduced on master cards, there is, of course, the 
advantage of saving the time required for the transfers. 

If grades are kept on a master deck, they may be 
added together (after multiplication by weighting fac- 
tors, if desired) with any computer, including small 
punched card calculating machines such as the IBM 
602A and 604. Then the cards may be sorted in order 
of increasing or decreasing final grade, and letter grades 
assigned. If desired, the cards may be listed with a 
tabulator before assigning grades. The grades may 
easily be gang punched in the cards, and then the cards 
are interpreted and sorted into alphabetic (serial) order. 

If grades are not kept on master cards, final grading 
is equally simple. After all examinations are given, 
the computer output cards are sorted into serial order. 
This merges together all cards for each student. Any 
computer may be programmed to read these cards and 
compute final grades. Or the job may be done with 
nothing more than an accounting machine, with the 
control panel wired so that it will read and print the 
cards, and print a total score for each student, if the 
grades have all been normalized in such a way that 
they are merely to be added. If a punched card rec- 
ord of the output is desired (for the gain of sorting- 
advan ages and for a card record for filing), the account- 


ing machine may be used in conjunction with a summary 
punch. 

With any final grading scheme, one can eliminate the 
lowest score for each student, if the instructor is so 
disposed. 

Costs 


If the computer and auxiliary equipment are avail- 
able as a result of the usual accounting activities of 
the business office of the school, the cost of such grading 
is very slight. In our case the cost for computer time, 
key punching, and reproducing would be about ten 
dollars per examination for a class of 200 students. 
Further increase in the cost would be slight if the num- 
ber of tests were increased since the resulting charge 
is chiefly that of preparation time and not actually 
machine operating time. 

If commercial equipment such as that available from 
an IBM Service Bureau were used, the cost would be 
somewhat higher. In this case the same work would 
cost about 20 to 25 dollars. It should be clearly 
realized that these cost estimates are those for current 
use. Within a year new, cheaper and much faster 
computers such as the IBM 1401 will be generally 
available. These will make the matter of machine 
grading cheaper and generally more attractive. 


Conclusion 


The only disadvantages we are aware of connected 
with the schemes we have described are (1) a maximum 
of 27 questions (or 54 with special printing and other 
modifications) may be answered on a single answer form, 
and (2) there is restriction to multiple-choice questions 
with one correct choice each. We have seen that (1) 
is not serious, as several cards could be used. Regard- 
ing (2), it should be pointed out that even if any or all 
exams are not of the multiple-choice type, the advan- 
tages pertaining to record keeping and final grading 
would still justify punch card recording of grades. 
One simply has the exam scores recorded on cards by 
a card punch operator, using the same general formats. 

The important advantages are (1) ease with which 
the repetitive processes are carried out, (2) much less 
chance for error, (3) no chance for uncertainty as to 
whether an apparent error is a machine malfunction. 
In addition there are the other specific advantages we 
have mentioned in this article. 

A detailed description of formats and operating pro- 
cedures as used by us is available from the authors. 
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Many metals will dissolve to a large 
extent in their own molten halides, and conversely these 
metals will dissolve some of their own halide. For 
example, when molten bismuth is equilibrated with 
molten bismuth chloride the two liquids will mix, but 
not completely. The metal will be found to contain a 
few per cent chloride and the salt phase will contain as 
much as forty mole per cent bismuth. Figure 1 gives 
some idea of the appearance of bismuth-bismuth chlo- 
ride solutions, especially their very opaque nature. 
Cesium, another example of a metal soluble in its 
halides, has been found to be completely miscible with 
its molten halides; at temperatures above the melting 
point of the halide one can prepare a homogeneous solu- 
tion of cesium in cesium halide of any composition. 

Although examples of this type of solution have been 
known for many years, most scientists are still unaware 


Figure 1. Photograph of liquid BiCl; with increasing its of Bi added 
Upper left: Pure BiCl; at about 300°C. A clear yellow liquid. Upper 
right: Small amount of Bi dropped into sample. Dark streak is Bi solution 
spreading through the liquid. Lower left: Solution containing about 10% 
Bi—dquite black. Lower right: Solution saturated with Bi is so black it be- 
gins to reflect light. Lower phase is excess Bi. 


of their existence. As a result, rather little is known 
about the properties of such solutions or what systems 
might be expected to exhibit such solubility. Not 
much work has been done on systems other than 


Presented at the Joint Meeting of the Pacific Southwest Asso- 
ciation of Chemistry Teachers, Fresno State College, Fresno, 
California, December 29, 1959. 

1 The author is grateful to the U. S. Atomic Energy Commission 
for financial support in this work. 
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halides; and little is known about the solubility of 
metals in their oxides or sulfides, for example, excep: in 
occasional instances. It is hoped that this paper may 
evoke some interest in the study of such systems. 


Systems of Known Miscibility 


Among the metal-salt systems showing large mutual 
miscibility are the alkali metal-halides. Bredig and co- 
workers (1) have studied the sodium-, potassium-, 
and cesium-halide systems. Figure 2, taken from one 
of their papers, shows the phase diagrams for the 
fluorides. Other systems give similar diagrams. The 
salient features are: (a) above a certain temperature 
the metal and salt are completely miscible and form a 
homogeneous liquid; (b) very little metal dissolves in 
the solid salt;? and (c) usually, although not always, 
there is a region in which two immiscible liquids are 
found. The lithium systems have not been investi- 
gated. 

Of the alkaline earth metals, magnesium shows only 
a very small solubility in its molten chloride. Calcium, 
strontium, and barium are somewhat miscible with 
their molten halides (3); recent measurements (4) have 
revised the results of earlier work (3). Figure 3 shows 
the barium chloride-barium. Beryllium has not been 
studied. 

Of the rare earths the cerium-cerium chloride system 
has been reported—the most recent work indicates a 
solubility of about nine mole per cent cerium in its 
chloride (5). Work in progress by Dr. F. J. Keneshea 
in our laboratories indicates a few per cent solubility of 
lanthanum in lanthanum chloride at the monotectic. 
Druding and Corbett have reported solubility for 
Pr-PrCl;, Nd-NdCl;, and Nd-NdIs, as well as the com- 
pounds NdCl, and NdlI, (6). Among the actinides, 
uranium has been found to dissolve to about six mole 
per cent in its trichloride (7); other actinides have not 
been studied, to our knowledge. 

The only transition metal for which data are reported 
is nickel, which dissolves to about nine mole per cent in 
its molten chloride (8). The subgroup metals bi-muth 
(9) and cadmium (10) are appreciably miscible with 
their molten halides. Some other subgroup etal: 
have been investigated by Corbett, et al. (/1). who 
found only little solubility of silver, zinc, thallium, tin, 
lead, and antimony in their molten halides. 


2 The small solubility of alkali metal (usually a few ten 1s of 8 
per cent or less) in the solid halides gives rise to the color: salts 
such as blue rock salt. See, for example, Sietz (2). 
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}rom the information available at present it seems 
that the electropositive metals (alkalies, alkaline 
earths, rare earths) in general tend to be miscible with 
their molten halides. For these electropositive metals 
the solubility of the metal in the salt, or better the 
miscibility of the metal and salt, seems to increase with 
the size of the cation for a given anion. In the series 
Na, K, and Cs down the periodic table, an increase in 
miscibility parallels the increase in size of the cation. 
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Figure 2. Phase diagrams for the systems NaF—Na, KF-K, CsF—Cs (1d). 


With the series Cs, Ba, and La across the periodic table, 
a decrease in miscibility runs parallel to a decrease in 
cation size. Apparently, for the electropositive metals 
cation-size and miscibility of metal and salt run parallel. 


| For the less electropositive metals such a generalization 


is not available and the criteria for miscibility are not 
yet known. 

The electrical conductivities of several metal-salt 
solutions have been investigated as a function of com- 
position. For the electropositive metals that have 
been investigated [Na in NaCl and NaBr (/2), K in 
KCl and KBr (12), Ce in CeCl; (13) ] the conductivity 
of a solution containing a few per cent metal is markedly 
larger than that of the pure salt and it increases as more 
metal is added. This behavior suggests that the dis- 
solved metal contributed an electronic conduction to 
the normal ionic conduction of the molten salt. For 
the less electropositive metals studied [Bi in BiCl; (14), 
Cd in CdCl, (15)] the conductivity of a solution con- 
taining a few per cent metal is smaller than that of the 
Pure sult, indicating no electronic contribution to the 
conductivity by the added metal. 


The magnetic susceptibilities of some metal-salt 
solutions have been examined. Faryuharson and 
Heymann (/6) found that solutions of a few per cent 
Cd in CdCl, were diamagnetic. This allowed them to 
conclude Cd*+ (or CdCl) was not an important species in 
the melt because it has an unpaired electron and would 
render the solution strongly paramagnetic.. Solutions 
of a few per cent Bi in BiCl; have also been found to be 
diamagnetic (17) as have dilute solutions of metal in 
ZnCl, GaX;, SbI; (17). These measurements show 
that paramagnetic species such as Bit, Zn+, etc., do not 
exist in important concentrations in these melts. 


Possible Nature of Metal-Salt Solutions 


At present the exact nature of these metal-salt solu- 
tions is not clearly understood, probably because their 
detailed properties have not been adequately studied; 
and although several proposals have been made re- 
garding the species that constitute such melts, no one 
of these has been generally accepted. It may well be 
that more than one model may be required to explain 
the properties of these melts. Thus the electropositive 
metal-salt solutions, whose properties are similar, may 
be tractable on one hypothesis, while the post-transi- 
tion metal-salt solutions need another since they show 
a different conductive behavior, for example. 

When a melt of salt containing dissolved metal is 
cooled rapidly, the solidified salt mass is generally 
highly colored, and careful examination reveals tiny 
globules of metal in it. Based on such observations an 
early suggestion was made by R. Lorenz (18) that the 
metal was colloidally dispersed in the molten salt. The 
terms “metal fog” and “pyrosol” for these solutions 
were derived from the idea that they were colloids. 
However, they are not colloidal because, as observed in 
the phase diagrams, the freezing point of the salt is 
lowered when metal is added. 

An alternate suggestion, made by several authors, is 
that the dissolved metal reacts with the molten halide to 
form a subhalide which is then simply dissolved in the 
excess normal halide. Thus, with calcium dissolved in 


| 
ONE LIQUID 


Two 
LIQUIDS 


soud LIQUID 


TEMPERATURE (°C) 


| 
BoC, 20 40 60 
MOLE PERCENT Bo 


Figure 3. Phase diagram of the BaCl—Ba system (4a). 
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calcium chloride the dissolved metal is presumed to 
react as follows: 


Ca + CaCl, = 2CaCl 


to form the subhalide. Originally this suggestion 
seemed not to be applicable to the alkali halides because 
it was impossible to form a state of lower valence than 
unity; however, this objection was overcome by pro- 
posing the associated species M2X, i.e., Na2Cl, for the 
sodium chloride case. Such species, or their polymers 
such as M2Xe, can account for some of the known 
properties of these melts. 

Heymann (19) proposed that the metal dissolved to 
form solvated atoms in the melt. That is, Cd, for ex- 
ample, when dissolved in CdCls, interacted strongly 
with several nearby CdCl; to form a solvated complex 
of the type Cd-nCdCl. He and his co-workers 
found no way of distinguishing experimentally be- 
tween that model and the polymeric subhalide Cd.Cl., 
although their magnetic susceptibility measurements 
ruled out CdCl. 

Bredig and co-workers have suggested, for the alkali 
metals at least, that at low concentrations the metal 
is dispersed monomerically, whatever its structure. 
At higher metal concentrations they propose that a 
diatomic species appears, in equilibrium with monomer 
according to an equation such as: 


2Na = Naz 


The basis for this proposal is the fact that relatively 
stable diatomic molecules are known in the gas phase 
for the alkali metals. These authors have suggested 


that the positive deviations from ideality of the salt 


component of alkali metal-halide systems are due to the 
formation of such dimers. 

A model that appeals to the present author will be 
outlined below. It is explained in greater detail than 
the other models because it has not been thoroughly 
expounded previously. If two substances are miscible 
to form a solution, and the same substances can be 
separated from the solution, then the energy change 
when those substances are mixed cannot be large. 
That is, if the energy of mixing of two substances is 
quite positive, they are essentially immiscible; while 
if their energy of mixing is quite negative, they form a 
stable compound, not a solution, when mixed. Hence, 
the forces holding a substance in a solution are not 
radically stronger or weaker than those holding it to- 
gether in the pure substance. When the magnitudes 
of the forces in a solution are comparable to those in the 
pure substances, it is frequently the case that the types 
of forces in the solution are similar to those in the pure 
substance. Thus, it is instructive to look at the types 
of forces to be found in the components: molten salts 
and metals. 

In a simple molten salt, such as NaCl, the structure 
and binding forces are essentially the same as in the 
crystal. The melt is composed of ions, Na+ and Cl-, 
each ion surrounded by a shell of ions of opposite sign. 
The predominant forces are the coulombic attractions 


3 A description of metallic binding can be found in texts such as: 
Kerevaar, J. A. A., “Chemical Constitution,’ Elsevier Pub. Co., 
Amsterdam, 1958, chap. IV; Moore, W. J., “Physical Chem- 
istry,’”’ 2nd ed., Prentice-Hall Inc., New York, 1955, pp. 395ff. 
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und repulsions among the ions in such an array. A 
simple metal, like Na, is composed of cations, N: +, 
whose valence electrons are distributed throughout :he 
metal.’ 

A solution of a metal in a molten halide of that « le- 
ment might well be considered as a combination of ‘he 
two structures. That is, for a dilute solution of m: tal 
in salt the melt is mainly a salt phase (i.e., positive «nd 
negative ions in a quasi-ordered array) but occasion lly 
there is an extra cation and an electron near it (.e.,, 
a dissolved metal atom). Since the cation origina’ ing 
from the dissolved metal atom is similar to the nearby 
cations of the salt, the valence electron of the disso! ved 
metal atom is able to spend part of its time on eac)\ of 
the several salt cations near it. However, the elec’ ron 
does not leave the vicinity of that extra cation per- 
manently because the extra cation is the center o/ an 
excess positive charge in the structure, and the electron 
is electrostatically held in the vicinity. As the solution 
is made more concentrated in dissolved metal, these 
centers (excess cation with an electron spending its 
time on it and on nearby cations) come closer together 
and the ranges of the valence electrons tend to overlap, 
The structure then takes on some of the aspects of a 
metal in that the valence electrons find themselves in a 
quasi-periodic array of positive centers. In such a 
situation the electrons prefer to range over the whole 
system rather than remain locally associated with any 
one cation (i.e., they become metallic electrons). 

It is interesting to compare the geometries of the 
metal and salt structures. In an alkali halide of the 
rock salt structure the positive ions, taken by them- 
selves, are in a cubic arrangement in which the dis- 
tances between cations are about the same as the dis- 
tances between the cations in the cubic arrangement in 
the pure metal. Therefore, when an extra cation is 
placed in that salt structure the valence electrons see 
rows of cations, at least in several directions, that are 
spaced about the same as in the metal. Thus there 
are presumably some energy states available to the 
electron that are not much higher in energy than those 
in the metal. 

On this model one would expect Raoult’s law to be 
obeyed by the solvent for dilute solutions and positive 
deviations from it in more concentrated solutions. The 
solute would be expected to show positive deviations 
from Raoult’s law, and, of course, obey Henry’s law at 
sufficient dilutions. This is because both components 
in the more concentrated solution are in potential 
energy states that are somewhat more positive than in 
the pure component. The extra cation plus electron 
added to the salt when the metal dissolves cates 4 
distortion of the structure of the surrounding ions of 
the salt and thus raises the potential energy of the salt 
component. The state of the valence electron «f the 
dissolved metal in the salt is not as stable as in the etal 
phase because of the presence of the negative ions. 
Therefore, energy is required to form the solution from 
the components, or, in other words, the ener-y of 
mixing is positive. 

This model is not unlike the solvated atom pré ))osed 
by Heymann, although the author feels it to be » 1 e 
tension of that model, particularly in regard |» the 
treatment of the valence electrons. The model ~ stil! 
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crude but does account for some of the properties of 
some of the solutions. 


Detailed Study of Bismuth—Halide Systems 


A\t Stanford Research Institute a small group, under 
the sponsorship of the Atomic Energy Commission, 
has been studying some of the detailed properties of 
bismuth solutions in bismuth halides to attempt to 
elucidate their constitution. These systems were 
chosen because of their relative ease in handling com- 
pared to most others that show solubility. In general, 
other metal-salt solutions are strong reducing agents 
that attack refractories, and the temperatures at which 
they must be handled to keep them molten are much 
higher. The bismuth systems can be contained in 
Pyrex and are molten above about 200 or 250°C. 

Phase Diagrams. The phase diagram of the bismuth- 
bismuth chloride system has recently been investigated 
by Yosim and co-workers (9). Their diagram is shown 
in Figure 4. The system shows a large solubility 
of bismuth in its molten chloride, a moderate solubility 
of the chloride in the metal, and an intermediate region 
in which the two liquids are immiscible. In the bis- 
muth systems there is evidence for a solid subhalide in 
the phase diagram at the composition BiCl. This 
compound is just barely stable as shown by the fact 
that it melts incongruently at a fairly low temperature. 
The phase diagram of the bromide system (20) is very 
similar, and the iodide (21), though less thoroughly 
investigated, has the same character. 

Activity of Bismuth Halides in Solution. The thermo- 
dynamic activity of bismuth trichloride and its change 
with added bismuth can be derived from the lowering of 
the freezing point of bismuth chloride by added 
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Figure 4. BiCl;-Bi phase diagram (9). 
bismuth, together with the heat of fusion of the chlo- 


ride. This information can then be compared with 
results expected for the different solution models. This 
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Figure 5. The measured activity of BiCl; at three temperatures and the 
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has been done by Bredig (22) and Yosim (23) for the 
subhalide model. They found that by assuming the 
bismuth reacted with the chloride to form the poly- 
meric species BisCl:, the freezing point depression could 
be accounted for. 

On the metallic model outlined above, one expects 
positive deviations from Raoult’s law. The activity of 
BiCl;, calculated from the freezing point data on the 
assumption that Bi and BiCl; are the components of 
the solution, is found to exhibit positive deviations. 
The degree of deviation increases with increase in Bi 
concentration, reaching about 10% for a solution con- 
taining about 25 mole per cent Bi in BiCl,. 

The lowering of the vapor pressures of the bismuth 
halides by added bismuth metal can be used to measure 
the activities of the bismuth halides at higher tempera- 
tures (300-400°C). These data have been measured 
(24), and Figure 5 shows the results for the chloride 
system. The results for the bromide are very similar. 
On the subhalide and diatomic molecule models, three 
species have been suggested to fit the data in this tem- 
perature range: BiCl, (formed by the reactions: 
8Bi + 4BiCl; = (25), Biz (with some BiyCl.) 
(22), and Bi (with some deviation from ideal behavior of 
the BiCl;), (24). In Figure 5 the Raoult-law curve 
(ideal behavior) for each of these species is shown. It 
can be seen that the experimental data fall equally well 
on the ideal curves for BisCl, and Bis, indicating that if 
they were the dissolved species the BiCl; component 
would obey the ideal behavior of Raoult’s law. The 
data on the lowering of the vapor pressure of BiBr; by 
Bi have been analyzed by Bredig (22), who found the 
results could be explained by the equilibrium: 


3Bi.Bre = 2Biz + 2BiBr; 


At 300°C the concentrations of Bi,Br. and Bi: were 
comparable, but with increasing temperature the Bis 
was found to predominate so that by 400°C most of the 
solute was found to be in the form of Biz. 

If the data are interpreted on the metallic model, the 
activity of BiCl;, calculated with Bi and BiCl; as com- 
ponents, shows positive deviations which become as 
much as 20%. In the BiBr; system the positive 
deviations are somewhat smaller. 
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Figure 6. The vapor pressure of Bil; over solutions containing Bi at 410, 
435, and 470°C. The dashed curve is Raoult's law (26). 


The activity of bismuth iodide with added bismuth 
follows the ideal curve, calculated on the basis of Bi and 
Bil;, up to as much as 30 mole per cent added bismuth 
(26) and then shows small positive deviations as shown 
in Figure 6. There is no simple way of accounting for 
this behavior on the subhalide or diatomic molecule 
basis. On the metallic model one might expect the 
positive deviations to be greater than those observed; 
however, they are not seriously out of accord with the 
model. 

The electrical conductance results in the BiCl;-Bi 
system, mentioned above, are explained better by the 
subhalide-dimer model, which predicts a small decrease 
in conduction as metal is dissolved, than by the metallic 
model, which would predict an increase in conductance 
such as observed in the alkali halide systems. The 
magnetic susceptibility results are understandable on 
either model. 


Thus it is apparent that the final word has not vet 
been said about the best model or models to represent 
these systems. Additional experimental information 
is needed to characterize them better. 
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I. 1819, Dulong and Petit found that when 
the atomic weight of an element was multiplied by its 
specific heat, the number obtained was approximately 
the same for all elements.2 This fact was expressed 
by them as follows: 


“Les atomes de tous les corps simples ont eactement la 
méme capacité pour la chaleur,’’ which translates to read: 
“The atoms of all simple substances [that is, elements] 
have exactly the same capacity for heat.’’ 


It is interesting to note that there is confusion among 
chemistry teachers today over the use of a variety of 
numbers for the so-called Dulong and Petit constant. 
Generally the values given in various sources range 
from 5.9-6.5. Actually there is no number approxi- 
mating this value in the original paper (Fig. 1) since 
Dulong and Petit used a scheme of atomic weights in 
which oxygen was assigned a value of 1. Thus the 
numbers given in the various textbooks merely indi- 
cate that different data were used in determining an 
average value and that modern atomic weight units 
were used as a basis. Of much greater significance and 
a genuine cause for alarm is the fact that textbooks 
generally avoid assigning units to the value selected 
for use. It seems far more appropriate to point out 
the atomic, thermal, and “molar” characteristics of the 
phenomenon, rather than to place emphasis on a nu- 
merical value for the constant. — 

The Law of Dulong and Petit was initially used as 
an empirical rule, along with other empirical rules, 
in determining approximate atomic weights of the ele- 
ments. Dalton’s original atomic weights in the 
“New System of Chemical Philosophy” were quickly 
followed by the results calculated from Berzelius’ 
careful determinations of combining weights. In 
some cases Berzelius was in error; for example, he 
deduced that the relationship between silver and oxy- 
gen was AgOs, a formula which required an atomic 
weight four times the actual value for silver. Slowly, 
errors of this nature were corrected by the application 
of the rule of Dulong and Petit coupled with the em- 
pirical rules of Gay-Lussac’s Law of Combining Vol- 
umes ind Mitscherlich’s Law of Isomorphism, although 
it is not always possible to tell which rule most influ- 
enced different investigators in making their deduc- 
tons. However, it is of interest to note that Berzelius 


‘Present address: R. B. Worthy High School, Saltville, Vir- 
ginia. 
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Report of the New England Association of Che 


The Law of Dulong and Petit 


discredited the validity of the rule of Dulong and Petit 
because it did not function satisfactorily for several 
elements, of which carbon was one. 

By 1831 Neumann extended the generalization of 
Dulong and Petit to include compounds and formulated 
a law for them: “Stoichiometrical quantities of bodies 
of analogous chemical composition have the same 
capacity for heat.’” 


0,1 100 


0,14 
0,1 


re La chaleur spécifique de l'eau est prise pour-unité. 
(2) Le poide de Patome d'oxigéne est supposé égal un. 


Figure 1. Photograph of a portion of page 403 of Ann. chim. et phys., 10 
(1819), showing the table published by Dulong and Petit in their paper 
“Recherches sur quelques points important de la theorie de la chaleur.” 


Many other investigators extended the rules and 
methods for ascertaining atomic weights, but always 
on an empirical basis. Nevertheless, great confusion 
existed in this area during the entire first half of the 
nineteenth century. At the middle of the century 
the most noteworthy chemist working on atomic weights 
was Cannizzaro, who brought the work of Avogadro 
out of obscurity and refined the methods for establishing 
correct atomic weights and for determining the proper 
formulas of compounds. Cannizzaro, for example, was 

3 NEUMANN, F., Ann. Physik und Chem., 23, 1 (1831): ‘Die 
stéichiometrischen Quantititen bei chemisch dhnlich zusam- 
mengesetzten Stoffen besitzen gleiche specifische Wiarme- 
Quantitat.” 
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convinced, from his work on vapor densities, that the 
atomic weight of mercury was 200, and not 100 as 
had been assumed. He found corroboration for the 
higher value in the heat capacity of calomel. If the 
formula were HgCl, corresponding to an atomic weight 
of 200 for mercury, the heat capacity of mercury should 
be one-third less than would be observed for the for- 
mula Hg,Cl appropriate to an atomic weight of 100. 
Thus application of the Law of Dulong and Petit and 
its corollary, Neumann’s Law, was established as an 
important aid in determining the relation between 
the atomic weight and the experimental combining 
weight. 

What is the significance of the empirical constant 
in the Law of Dulong and Petit? Except for methods 
using mass spectrometry, the fundamental require- 
ment for the determination of atomic or molecular 
weights is that one be able to count the atoms or 
molecules, or at least that one be able to measure equal 
numbers of atoms or molecules for comparison. This 
is the principle involved in the measurement of the 
gram molecular volume for gases and of the freezing 
point depression for soluble non-ionizing liquids and 
solids. The Law of Dulong and Petit must also in- 
volve a counting of atoms. How does it do this? 

To explain, we first need some definitions. Nearly 
everyone is familiar with the term “specific heat’’ 
but the related term “heat capacity’? may not be so 
well known. The specific heat of a substance is the 
quantity of heat absorbed by a unit mass of the sub- 
stance when its temperature is raised by one degree. 
The heat capacity of a system is the quantity of heat 
absorbed by the entire system when its temperature 
is raised by one degree. If we go further and define 
our system to be 6.023 X 10** atoms of a solid element 
(1 gram atom, or 1 “mole’’) the quantity of heat re- 
quired to raise its temperature one degree is called the 
molar heat capacity and is given the symbol C. If 
we assume, as we do with specific heat, that heat 
capacity is the same for a one-degree interval any- 
where in the range of convenient temperatures, we 
may calculate that the energy absorbed in heating a 
gram atom from 7) to T is C(T — 7»). 


Heat Capacity of a Perfect Gas 


Although the law stated by Dulong and Petit applies 
only to solid elements, there is nothing in the above 
definitions that restricts us to such a system. Suppose 
instead that we discuss a mole of a perfect monatomic 
gas. The reason for choosing a substance like this is 
the fact that we may now neglect any energy involving 
the electrons and the nucleus, and can presume that all 
the energy of the system is kinetic energy. We know 
something about kinetic energy. The kinetic energy 
of a molecule of mass m moving with speed v is !/ymv?, 
and the kinetic energy of N molecules will be !/.Nmv?. 
If N is Avogadro’s number, this is the energy of a mole 
of gas. Since we assume that a perfect gas has no 
kinetic energy at absolute zero, the total energy (all 
kinetic) at temperature 7 is given by our heat capacity 
equation as E = C(T — 0) = CT. The experimental 
value for the heat capacity of a monatomic gas (at 
constant volume) is 3 calories per mole per degree 
centigrade, so the total energy at temperature 7’ can 
be calculated to be 37 calories. 
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It is easy to show that this must be the case. From 
the experimental gas laws we know that for a mol: of 
gas, PV = RT, where R is a constant. From the 
kinetic theory of gases, as derived in textbooks of 
college physics or physical chemistry, we know further 
that for a mole of gas, PV = '/; Nmv*. Here »° 
is the average of the square of the speed of the gas 
molecules. Equating the two expressions, we get '/, 
Nm? = RT. But the energy of a mole of gas, /., is 
1/, Nmv? and substitution gives E = */. RT. Bec: use 
the value of F in calories per degree per mole is 2, the 
molar heat capacity E/T is found to be */2 R, or 3 
calories per degree per mole, in agreement with ex. 
periment. 

It is also pertinent to discuss the average en rgy 
per molecule. This is obtained by dividing EF by N 


where k is known as Boltzmann’s constant and may 
be considered to be the gas constant per molecule. 

The speed of a molecule may be expressed in terms 
of the components of velocity in three perpendicular 
directions as v? = u? + y? + w*. The average values 
of these four quantities are similarly related, 1? = 
u2 + y? = w*. Since the molecules have an equal 
probability of moving in any direction, the average of 
the square for any one component will be the same as 
that for the other two, or u? = y? = w?, and v? = 3u’. 
Hence the total average kinetic energy of a molecule, 
1/, mv?, is equal to three times the average kinetic 
energy of motion in one direction: 


€ 5 AT 3X 5 mu 


and '/, mu? = '/2kT. What we have shown, then, is 
that the average kinetic energy associated with motion 
in one direction is '/2kT. _ a 
_ The equating of to and to and, hence of to 
3u?, is really an application of the principle of equiparti- 
tion of energy. This principle states that when energies 
may be described by giving appropriate values to the 
squares of certain fundamental variables, the average 
energy associated with each such variable is the same. 
In the perfect gas case just discussed, the fundamental 
variables are the three perpendicular components 6! 
velocity u, y, and w; the energy is described in terms 
of the squares of these as 


1 1 1 
= =mu? 2 4 omy? 
€ = 5mu + + 


and the average energy associated with each such 


variable is mu?, 1/2 my? and !/2mw?. The principle 
of equipartition of energy states that_ these three 
average energies must be the same: '/2mu? = 1/2 m0’ = 
1/, mw®, and we have just calculated the value of each 
of the averages as 1/. kT. The equipartition pr nciple 
says that these results are of general applicatic , and 
calculation of the average energy value shows it «ways 
to be '/2 kT, just as it was in the special case of the 
perfect monatomic gas. ; 
There are many places in physics and chem: -try 2 
which the energy is expressed in terms of the squ: "e of a 
variable. In translational motion we are con emed 
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wit! the square of the velocity components, u?, y*, and 
w’, giving the corresponding energies mu*, '/2 
and 1/2 mw*. In rotational motion the energy is 
expressed by '/2Iw?, where J is the moment of inertia and 
w the angular velocity, again a variable appearing as a 
squire. In simple harmonic motion we describe the 
kinetic energy of a particle vibrating at the end of a 
spring as '/2 mv*, where m and v are its mass and ve- 
locity, and the potential energy of the stretched spring 
by '/2Kd?, where K is the Hooke’s Law constant and d 
the displacement from the rest position. Each of these 
quantities, needed to describe the energy of a system, is 
called a squared term, and the equipartition principle 
tells us that the energy '/2k7' is, on the average, associ- 
ated with each squared term. If m such squared terms 
are needed to describe the energy, then the total energy 
will be n/2kT. 

A molecule of a monatomic gas needs three squared 
ternis, corresponding to its possibility of motion in three 
directions, and its energy is */.kT. A molecule of a 
diatomic gas has the same possibilities of translational 
motion as a monatomic gas and needs three squared 
terms to describe its translational energy. In addition, 
however, the diatomic molecule can undergo rotation 
(end over end, like a dumbbell) about either of two 
axes perpendicular to each other and to a line joining 
the two atoms, and thus requires two more squared 
terms to describe the energy associated with this rota- 
tional motion. Two further squared terms are needed 
to describe the kinetic and potential energies arising 
from the harmonic vibratory motion as the atoms 
stretch and compress the valence bond between them. 
On the basis of the principle of equipartition of energy, 
we would predict that the average energy of a diatomic 
molecule should be (3 + 2 + 2) X (!/2kT) = 7/skT, 
for the seven squared terms needed to describe its 
motion. If this prediction is correct, the energy of a 
mole of a diatomic gas should be 7/2NkT = 7/.RT, 
and the heat capacity should be 1/7(?7/2RT) = 7/oR. 

Unfortunately, our prediction is found to be more 
often incorrect than correct. The heat capacity per 
mole is close to 7/22 for the diatomic molecule I., but 
for the lighter molecules such as oxygen or nitrogen it 
is only 5/.R (Table 1). The explanation formerly 
given for this was that in these lighter elements, 
in contrast to iodine, the vibratory motion was some- 
how “frozen,” so that heat energy which was fed to the 
molecule did not increase the displacement d and ve- 
locity », or at least not as much as one might have 
expected. Hence the energy associated with these 
modes of motion was not proportional to kT’, as re- 
quired by the equipartition principle, and the heat 
capacity was less than 7/22 in consequence. Accept- 
ance of this explanation thus demands—correctly, as it 
turns out—that we admit the principle of equipartition 
to be not exact, but only an approximation. 


Application of Equipartition to Solids 


What has all this discussion of gases to do with the 
law oi Dulong and Petit, which is concerned only with 
the specific heat of solid elements? The answer is 
that the atoms in a solid are in motion, just as are the 
molecules in a gas and the atoms within those molecules. 
In a solid, however, the atoms do not move from one 


Table |. Heat Capacities of Gases at Constant Volume 
Ne F; Cl Br: I, 


4.9 5.0 5.0 5.5 6.1 6.6 6.8 


Heat capacity 
(cal/mole at 25°) 


place to another, but execute only a vibratory motion 
about their equilibrium positions in the crystal lattice. 

Let us assume that the energy of the crystal is 
divided into two parts. One part, which we can 
denote by Eo, fixes the atoms in their equilibrium posi- 
tions; this part is a definite characteristic of the crystal, 
and cannot be changed without destroying the crystal. 
The second part of the energy, EF, will allow for the 
motion of the atoms away from and back to their 
equilibrium positions. While the first part is fixed 
and hence independent of the temperature, the second 
part can be changed by increasing the displacements 
of the atoms from equilibrium, and will so change as 
the temperature increases. It is this second part 
which will be observed in measurements of heat 
capacity, for if at temperature 7” the energy is E, + E’ 
and at T it is E, + E, the energy input in going from 
T to T’ is (E, + E’) — (E, + E) = E’ — E and the 
heat capacity is (E’ — E)/(T’ — T). Thus for our 
purposes we need consider only the second, tempera- 
ture-dependent, part of the energy. 


Calories per mole per degree 
w 


Heat capacity at constant volume. 


150 
Temperature in degrees absolute 


Figure 2. Molar heat capacities as a function of temperature: curve 1 
lead; curve 2, copper; curve 3, silicon; curve 4, carbon (diamond). 


Let us imagine that the atoms are held to their 
equilibrium positions by little springs which obey 
Hooke’s Law. The atoms will then undergo simple 
harmonic motion and will have kinetic energy '/smv? 
and potential energy '/2Kd?. The motion of the atoms 
can be described in terms of the components of the 
motion in three perpendicular directions in space. 
With two squared terms ('/:mv? and '/,Kd?) needed 
for each direction there will be a total of 3 X 2 = 6 
squared terms in all. If the principle of equipartition 
of energy is applicable, the average energy in these 6 
squared terms will be 6 X '/2kT = 3kT. Then the 
total energy for N atoms will be N X 3kT, and the 
total energy serves to measure the number of atoms. 
Each atom brings a package of energy 3kT' to the total 
energy of the solid. This, the essence of the Law of 
Dulong and Petit, was first pointed out by Boltzmann‘ 
in 1871. 

We do not measure the energy directly, but rather 
its change with temperature. Again at temperatures 


4 BourzMann, L., Sitzber. kgl. Akad. Wiss., Wien, 63, 2, 679 
(1871). 
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T’ and T it is E, + 3NkT’ and E, + 3NkT, so 
that the heat capacity is 


C= (Eo + 3NkT’) — (Eo + 3NkT) _ 3NkK(T" — T) 
T’-T 


If N is Avogadro’s number, 3Nk = 3R, and the heat 
capacity for a mole of atoms in a solid should be 6 
calories per degree.’ The heat capacity for a mole is 
equal to the mass of N atoms (that is, the gram atomic 
weight) times the specific heat, and we arrive at the 
usual equation of the Law of Dulong and Petit, 


= 3Nk 


(gram atomic weight) X (specific heat) = 6 calories/degree 


The heat capacities and specific heats to be used in 
the above calculations are those at constant volume. 
The quantity usually measured is the heat capacity 
at constant (atmospheric) pressure. For a solid sub- 
stance the heat capacity at constant volume is almost 
the same as the heat capacity at constant pressure, 
and the last equation, above, is nearly correct when the 
measured specific heats are used. This difference 
between C, and Cp», however, would prevent the 
“constant” of the Dulong and Petit equation from 
being the same for all substances, even if there were no 
other reasons why it should not be constant.® 


How Constant Is the ‘Constant’? 


But there are other reasons why it should not be 
constant. Dulong and Petit were fortunate in that 
the common substances, and in particular the ones 
listed in Figure 1, do have their energies divided among 
the squared terms with the value of '!/.k7 for each, in 
accord with the principle of equipartition of energy. 
The cases studied by Dulong and Petit occupy a po- 
sition comparable to that of iodine molecules in the dia- 
tomic gas case. Had they worked with some of the 
lighter elements (or even with those they did examine, 
but at much lower temperatures) their data would 
have been much more difficult to interpret. This is 
evident from the curves of Figure 2, which show the 
change of the heat capacity per mole with change in 
temperature for different elements. It is evident that 
the heat capacity decreases from the equipartition 
value, 3R, as the temperature decreases, and more 
rapidly for light elements than for heavy ones. Again 
we try an explanation that the vibrations are partly 
frozen, so that their energies are less than !/.kT and 
change in some manner other than in direct proportion 
to the temperature. Another way of saying this is 
to say that the principle of equipartition of energy is a 
good approximation only at high temperatures. 

If the principle of equipartition of energy is only an 
approximation to the truth, what is the correct de- 
scription of the vibrational energy of a solid? The 
answer is that the vibrational energies are quantized, 
as all energies are. For a simple harmonic oscillator 
of fundamental frequgncy v, the quantum theory tells 
us that the energy is given by E = '/shv + vhv, where h 
is Planck’s constant and v is the vibrational quantum 


5 Strictly speaking it should be 3NkT — (6 X '/.k7') = (8N — 
3)kT since 6 squared terms determine the translational and 
rotational motion of the solid as a whole. However (3N — 3)kT 
is indistinguishable from 3NkT if N is very large, as it is when it 
is Avogadro’s number. 

¢ Lewis, G. N., J. Am. Chem. Soc., 29, 1165, 1516 (1907). 
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number. From this we can show that for 3N sich 
oscillators independent of each other and all with ‘he 
same fundamental frequency,’ the energy is 


3Nhv 
— 1) 


Thus the variation with temperature is not the di-ect 
proportion given by the equipartition principle. When 
T is small, the term on the right-hand side is \ ery 
small, and the heat capacity is correspondingly sn:all, 
As T becomes larger, however, e””/*? becomes smiller 
and the energy (and the heat capacity) incresses, 
This is in accord with the curves of Figure 2. When 
hv/kT is small enough, we may represent e’”/*” by the 
first two terms of the infinite mathematical series 


hv 1/hv\? , 1f hv\3 1 / hv\* 
1+(% + + + 


and approximately 


E-E= 


3Nhv 


B-% 


= 3NkT = 3RT 

We thus obtain the same result at high temperatures 
as is obtained from the equipartition principle. The 
substitution of 1 + hv/kT as an approximation for 
e/*T is satisfactory only when hvy/kT is small; hence 
a substance whose oscillators have a high frequency will 
require a higher temperature to approach the equi- 
partition value 3NkT than will be needed for a sub- 
stance with a smaller value of ». This accounts for 
the difference between diamond and lead in Figure 2. 
Diamond has a vibration frequency more than 10 
times that of lead; in terms of the spring model above, 
the springs holding the carbon atoms in place are much 
stiffer (their force constants are greater) than those for 
the lead atoms. 

There are still two difficulties. The equation de- 
rived by Einstein predicts that the specific heats at 
constant volume which are calculated from it will be 
equal to 3R at high temperatures and will drop off at 
low temperatures, and this is an agreement with 
experiment; however, the shape of the curve obtained 
on plotting the calculated Cy against 7’ is different 
from that found experimentally. Hence there is 
something wrong with the theory. The trouble is 
that we assumed the oscillators to be independent of 
each other and to have the same frequency. Actually 
the atoms are tied together and vibrate in unison with 
a great many different frequencies. To specify ex- 
actly what the energy was, these frequencies would 
have to be related to the elastic constants of the crystal. 
which determine, for example, the transmission 0! 
sound through it. An approximation due to Debye’ 
presumes that the frequencies have values be'weel! 
zero and a maximum value and that the numer 0 
oscillators having a particular frequency increases with 
the frequency in the same way that the volume of 4 
spherical shell increases with the radius of the shell 
The result of using this approximation is to ob‘ain 4 
heat capacity-temperature curve, Figure 2, which 
agrees closely with experiment. It predicts a max mum 
value of 3R at high temperatures and a change pr 
portional to 7 at low temperatures. 


7 Ernstein, A., Ann. Physik, 22, 180, 800 (1907). 
8 Desyg, P., Ann. Physik, 13, 789 (1912). 
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The other difficulty with the equation is that it 
predicts a maximum of 3R for the heat capacity at 
co:stant volume. Actually the experimental data 
show values higher than this, particularly for the 
metals, as shown by the following values for platinum: 

Temp. (°C) Cy(cal/mole/degree) 

500 | 

1600 | 
For non-metallic solid elements the increase is very 
slight in the range where they are still solid. The 
reason for the increase is that in metals the valence 
electrons are more or less free to move, and at high 
temperatures the absorption of energy in their motion 
contributes to the heat capacity. This effect is not 
great near room temperature, but it too helps to make 
the observed value of the “constant” of the Law of 
Dulong and Petit not quite constant. 

From what has been said above it is evident that a 
complete study of the Law of Dulong and Petit could 
include a broad field of physical chemistry. Far 
from being the empirical law of 1819 recorded in the 
textbooks, it leads through statistical mechanics, and 
quantum theory to the whole modern study of the 
physics of the solid state. It is a tribute to the astute- 
ness of the investigators of 140 years ago that their 
bold¥generalization from the data of Figure 1 stands 


today as a limiting case reached under appropriate 
conditions by the complex apparatus of modern 
theories. 
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LETTERS 


To the Editor: 


The article “Chemical Research in Liberal Arts 
Colleges, 1952-59” by Professor John R. Sampey 
(THis JOURNAL, 37, 316, (1960)) lists liberal arts colleges 
with the number of articles from each college abstracted 
in Chemical Abstracts in the eight-year period 1952-59. 
However, the reader who fails to find his alma mater in 
the list must not conclude that the omission is because 
of a lack of productivity in research; the omission may 
result from the author’s peculiar definition of a liberal 
arts college, quoted from a previous article (THIS 
JourNAL, 34, 352, (1957)): “Institutions granting the 
Ph.D degree, or that have professional schools of engi- 
heerii.g, medicine, pharmacy, etc., have not been classed 
as liberal arts.” The “etc.” is not defined. Ap- 
paren‘ly as a result of this definition Bryn Mawr, 
Boston College, Richmond, and Brigham Young were 
classified as liberal arts colleges in the 1952-56 study, 
but not in 1952-59. 


Neither are professional schools defined. Tor exam- 
ple, since Swarthmore College is mentioned in neither 
article one might assume that this liberal arts college is 
not active in chemical research, yet I note seventeen 
articles by the chemistry staff abstracted in Chemical 
Abstracts in this eight-year period. Swarthmore Col- 
lege is not considered by the author to be a liberal arts 
college because it has a division of engineering. On the 
other hand, colleges which give degrees in business ad- 
ministration, music, nursing, or physical education 
are apparently considered to be liberal arts colleges, not 
professional schools. 

The title of this article, “Chemical Research in 
Liberal Arts Colleges’’ is misleading in that the reader is 
led to believe that the author’s statistics refer to the 
entire group of liberal arts colleges. A better title 
would have been “Chemical Research in a Restricted 
Group of Liberal Arts Colleges.” 


Water B. KEIGHTON 


SWARTHMORE COLLEGE 
SWARTHMORE, PENNSYLVANIA 
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BOOK REVIEWS 


Understanding Chemistry 


Lawrence P. Lessing. Interscience Pub- 
lishers, Inc., New York, 1959. 192 pp. 
Illustrations. 14.5 X 21.5cm. $3.50 
Also, paperbound Mentor edition by 
New American Library, $.50. 


For a book with a title as provocative 
and inclusive as that above, one must look 
first for the author’s objectives and the 
type of reader to whom he is writing. In 
this case, the publisher’s description gives 
a reasonably effective statement that: 

“Here, told in language which every 
layman can understand, is the swift, yet 
scholarly story of man’s great basic dis- 
coveries through chemistry about his 
world and his universe, about the structure 
of the elements, their compounds and their 
relationship to one another, the growth of 
atomic theory, and the unravelling of the 
laws of combination of elements, ending 
in chemistry as it is today. 

‘‘Here, too, is an account of the fascinat- 
ing uses to which man has put this knowl- 
edge in everyday life—how color photog- 
raphy, anti-knock gasoline, and rocket 
fuels grew out of a study of reaction rates, 
why the modern world of synthetic fibers, 
plastics, and rubbers evolved when the 
structure of molecules became clear, how 
new and marvelously selective anesthetics 
and medicines have resulted from a greater 
knowledge of biochemical cycles.’’ 

As usual with such a book, questionable 
statements can be found—for example, 
the exclusion of all nuclear reactions from 
chemistry, the classification of iso-octane 
as “‘the most typical’’ of hydrocarbons 
with eight to ten carbon atoms, and even 
the definition of chemistry itself simply 
and solely as dynamic change. These are, 


——Reviewed in This Issue. 


however, no more frequent than in other 
books on chemistry, and there are some 
very good features, such as the discussion 
of the impact of the phlogiston theory or 
that of the role of salt in chemical indus- 
try. 

The chief weakness of the book is its 
heavy emphasis and almost exclusive 
limitation to the industrial viewpoint. To 
the author, industry is ‘‘that basic index 
of human life and activity’? with very 
little attention being given to any other 
possible index. 

Nonetheless, the author does do a good 
job of presenting a broad view of chemis- 
try in clear but non-technical language. 
The book should be quite effective for 
readers who are not chemists. Teachers 
of beginning students will find it pleasant 
reading for themselves and an effective 
addition to library collections to encourage 
outside reading by students. 


Rossin C. ANDERSON 
Tne University of Texas 
Austin 


First Principles of Chemistry 


Moddie D. Taylor, Howard University, 
Washington, D.C. D. Van Nostrand 
Co., Inc., Princeton, New Jersey, 1960. 
xxii + 688 pp. Figs. and_ tables. 
16 X 23.5 cm. $7.50. 


There is nothing extraordinary in this 
book to recommend its use instead of 
several reputable texts on the subject. 
Any justification for publication of this 
new text will come from its adoption for 
introductory college chemistry classes of a 
terminal nature. Courses for science 
majors, engineers or for students with a 
good high school chemical background 


Lawrence P. Lessing, Understanding Chemistry 

Moddie D. Taylor, First Principles of Chemistry 

Elbert C. Weaver and Laurence S. Foster, Chemistry for Our Times 

O. A. Battista, The Challenge of Chemistry 

Paul Pascal, Nouveau Traité de Chimie Minérale, Volume 18 

Paul R. Frey, Essentials of College Chemistry 

Arnold Weissberger, Physical Methods of Organic Chemistry. Part 1 
Noel B. Slaier, Theory of Unimolecular Reactions 

Robert Thornton Morrison and Robert Neilson Boyd, Organic Chemistry 
F. L. M. Pattison, Toxic Aliphatic Fluorine Compounds 

Roger Gilmont, Thermodynamic Principles for Chemical Engineers 
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would not be particularly enhanced by 
this conventional text. 

The quantitative and experime: tal 
nature of chemistry is emphasized throu h- 
out. After three chapters of basic mathe. 
matics, concepts and definitions used in 
general chemistry, the states of mater, 
nature of solutions, and stoichiometry :ire 
discussed. Some descriptive chemisiry 
is introduced next in a chapter on oxyyen, 
hydrogen and water. Thermochemisiry, 
reaction velocity and chemical (ho:no- 
geneous) equilibrium are discussed in 
Chapter 9. 

Classification of chemical substances, 
the periodic table, radioactivity, atomic 
particles and the “architecture” of the 
atom are treated in three succeeding 
chapters. 

Some of the best illustrations in the 
book appear in a chapter on molec- 
ular structure and the solid state. ‘This 
chapter and two others on solutions of 
electrolytes, electrochemistry and heiero- 
geneous equilibrium are set (apparently 
not so much for continuity as for relief) 
among chapters dealing with descriptive 
chemistry of the elements arranged in 
groups such as the halogens, active 
metals, and boron, carbon and silicon. 
Following Chapter 22, An Introduction to 
Organic Chemistry, separate chapters on 
The Transitional Elements, The Metalloid, 
The Innertransitional Elements, The 
Colloidal State, and Chemistry of Natural 
Products are added. 

Teachers will approve the generous 
supply of questions, problems and ref- 
erences at the end of each chapter. 


JAMES L. HAL 
Colorado School of Mines 
Golde. 


Chemisiry for Our Times 


Elbert C. Weaver, Phillips Academy 
Andover, Massachusetts, and Lawrence 
S. Foster, Ordinance Materials Research 
Office, Watertown Arsenal, Massachu- 
setts. 3rded. MeGraw-Hill Book Co., 
Inc., New York, 1960. vi + 666 pp. 
Figs. and tables. 17 X 24cm. $5.72. 


The new edition of this well known and 
widely used text embodies few changes 
from the original pattern. The changes 
that are made are either minor and incon- 
sequential, such as updating the list of 
newly discovered elements and cat:logu- 
ing some new technological discoveries, 
or they are changes that could be important 
were sufficient space devoted to them. It 
is all too obvious that most of the new 
ideas introduced in the text had ‘o be 
fitted into holes obtained by sacr'ficing 
some of the material of lesser stature in the 
second edition. 

In spite of statements to the contriry 10 
the preface to this book, I find no veally 
great new emphasis upon princip\°s of 
atomic and molecular structure and )ond- 
ing. It is true, for example, that, in the 
new edition, hydrogen bonding is men- 
tioned; so is isomorphism. A neW 
periodic chart showing subshells s 
cluded. The inside cover of the book 
has a new chart of atomic and ionic radi. 
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it is also true, however, that I could find 
on'y one sentence referring to the atomic 
an ionic radii chart, that subshells are 
nowhere mentioned at all, that reference to 
coordination number is lacking, and that 
no mention is made of hydrogen bonding 
jn compounds other than water, nor is it 
made clear why hydrogen bonding occurs. 
Furthermore, as in the previous edition, 
the periodic chart is not discussed until 
page 377 of this 616 page text. In other 
words, the changes in the direction of ex- 
plaining properties by structure are quite 
superficial. 

Much the same comment can be applied 
to ‘he expanded treatments of Le Chate- 
lier’s Principle, X-ray diffraction, and 
pH, as well as the revisions in the section 
on nuclear energy. A summary of im- 
portant principles at the end of each unit, 
newly introduced, is useful. A beautiful 
five page, transparent, full color spread 
showing the construction of a nuclear 
power plant catches the eye, but it leaves 
one wondering if the considerable money 
that this must have involved might not 
have been put to better use in revising 
the text more thoroughly. 

As did its predecessor, this book has 
much to commend it. Nevertheless, it is 
quite disturbing to see the trend in high 
school chemistry books away from good, 
solid theory, and toward applications and 
technology. This is not the only text 
that has been “revised’’ by modernizing 
the photographs, and by including all the 
latest investions, to the neglect of re- 
organizing the theoretical approach. 


Frep B. EIsEMAN, JR. 
John Burroughs School 
St. Louis, Missouri 


The Challenge of Chemistry 


0. A. Battista, American Viscose Cor- 
poration, Marcus Hook, Pennsylvania. 
The John C. Winston Company, 
Philadelphia, 1959. 168pp. Figs. 16 
X 23.5 em. $3.95. 


This small book is concerned with a 
commonplace topic, the stimulation of 
greater popular interest in chemistry. 
The method used is to depict the work and 
motivations of individuals, many of them 
real, in various areas of chemistry through 
short chapters on organic, inorganic, phys- 
ical, analytical, agricultural and food 
chemistry, high polymer chemistry, bio- 
chemistry, medicinal chemistry, radio- 
chemistry, and industrial and engineering 
chemistry. Still other chapters are con- 
cerned with the opportunities and re- 
quirements for teaching and the place of 
womer in chemistry. The word challenge 
occurs in 14 of the 15 chapter headings, 
and it is used repeatedly in all the chapters. 

The book is replete with such words as 
exciting, marvelous, dramatic, momen- 
tous, and magnificent. Through the 
use of many illustrations from real labora- 
tory experiences and the employment of 
4 vivic! style the book will probably suc- 
ceed in) capturing the attention of many 
who have opportunity to read it. 

The «mphasis is strongly on the practical 
uses of chemistry in our everyday lives. 
On this basis the young readers are urged 
‘o become professional chemists. As 


presented, chemistry is exciting, relatively 
unexplored, and not too difficult for youth 
who are fascinated by it. Relatively 
little is included whereby young readers 
may judge whether they have aptitudes 
and abilities necessary for success as 
professional chemists. It is unfortunate 
that more emphasis is not placed on the 
cultural values in the study of chemistry. 

Several black and white line drawings 
are used with some effectiveness to illus- 
trate significant points. There are re- 
latively few errors. The book should 
be made available to high school students 
and their teachers since it will help them 
know the practical importance of chem- 
istry. 


Harry G. Day 
Indiana University 
Bloomington 


Nouveau Traité de Chimie Minérale. 
Volume 18. 


Edited by Paul Pascal, Honorary 
Professor, Sorbonne. Masson et Cie, 
Paris, 1959. xxxix + 944 pp. Figs. 
and tables. 18 X 26 cm. 


This volume apparently resulted from 
an attempt to divide the material on 
iron, cobalt, and nickel into two volumes 
of approximately the same size in the 
treatise. The inclusion of complexes of 
these elements together under one cover 
is a convenient and logical division but in 
order to produce volumes of equal size, all 
ionic compounds of iron have been in- 
cluded here as well as the true complexes. 
This makes the effectiveness of Pascal’s 
division somewhat less than it might have 
been had only true complexes been in- 
cluded. 

Over 400 pages are devoted to complexes 
and ionic compounds of iron, some 350 to 
complexes of cobalt, and about 160 to 
complexes of nickel. These were written 
by C. Duval, P. Job, and R. Duval, re- 
spectively, except for the sections on car- 
bonyls and nitrosyls of iron by A. Michel, 
carbonyls of cobalt by J. Amiel, and car- 
bonyls of nickel by P. Pascal. Biblio- 
graphic references number nearly 6,300 
with rather large numbers from the early 
literature. 

Although this volume did not appear 
until late in 1959, a large part of the 
literature searches did not go beyond 1956 
and only one bibliography indicated a 
literature search into 1958. 

Comparisons with Gmelin and Mellor 
cannot be made inasmuch as the other 
volume on iron, cobalt, and nickel has 
not yet been published by Pascal, and 
Gmelin also lacks completion. Pascal’s 
volume does have the advantage over 
Mellor in being able to use modern theories 
and treatment of complexes, and this will 
be true to some extent in comparison with 
Gmelin when complete, since supplements 
to the latter will not include material 
written after 1949. Improvement of in- 
dexing could well be made, but the index 
does compare favorably with those of 
others in the set. 


R. 


University of Florida 
Gainesville 


Essentials of College Chemistry 


Paul R. Frey, Colorado State Uni- 
versity, Fort Collins. Prentice-Hall, 
Inc., Englewood Cliffs, New Jersey, 
1960. xviii + 520 pp. Figs. and 
tables. 15.5 K 23.5em. $6.95. 


This is a briefer text than the author’s 
previous books, some 233 pages shorter 
than the second edition of his College 
Chemistry. It assumes no previous know]l- 
edge of chemistry on the part of the stu- 
dent. 

The first two chapters introduce the 
student to some of the more tangible con- 
cepts of the study of chemistry. The 
next eight chapters cover the states of 
matter, the particle nature of matter, 
atomic structure, bonding, and compound 
formation in a principally qualitative 
fashion. The approach, however, is mod- 
ern, including mention of subshells, bond 
radii, the use of molecular models, etc. 

The purely quantitative aspects of 
chemistry associated with stoichiometry 
and energy changes are introduced in the 
next two chapters. Numerous examples 
are shown and the author is careful to 
include units and dimensions and is 
consistent in the use of significant digits. 
The remainder of the book consists of 
alternating chapters on theory and the 
study of groups of elements. The halo- 
gens and the alkali metals are presented 
early so that it is possible to compare 
metals and nonmetals and their roles in 
compound formation. 

The theory chapters are presented in 
Frey’s usual logical fashion, and are 
reasonably thorough despite their brevity. 
The balance between theoretical and de- 
scriptive chemistry is good, with enough 
of each to permit flexibility even in a brief 
course. 

As in the author’s previous texts, each 
chapter includes helpful lecture demon- 
strations, exercises, problems with an- 
wers, and a list of supplementary readings. 
A list of films and a list of reference books 
are included in the appendix. 

A list of experiments suitable for use 
with each chapter is selected from the 
“Laboratory Manual for College Chem- 
istry,’’ Second Edition by King, Slabaugh, . 
Splittgerber, and Frey. However, ap- 
propriate experiments could be chosen 
from almost any of the available general 
chemistry laboratory manuals. 

This text, then, deserves consideration 
for courses for students who have not 
had high school chemistry or for courses 
which are somewhat shorter than those 
designed for science majors. It should 
be realized that although the approach is 
more gradual, the treatment is reasonably 
rigorous, and that this is not simply a 
“watered-down” version. The author 
is to be commended for his selection of 
material for courses of these types, in- 
stead of leaving instructor and students 
to flounder in texts which contain far more 
than they can possibly hope to cover in 
the allotted class time. 


ALBERTINE KROHN 
University of Toledo 
Toledo, Ohio 
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Physical Methods of Organic 
Chemistry. Part 1 


Edited by Arnold Weissberger, Research 
Laboratories, Eastman Kodak Co., 
Rochester, New York. 3rd_ edition. 
Interscience Publishers, Inc., New York, 
1959. xii+ 918 pp. Figs. and tables. 
16 X 23.5cem. $24.50. 


The latest revision of ‘‘Weissberger’’ 
lives up to the deserved reputation of its 
predecessors. This volume contains the 
following sections: 1.* Automatic Con- 
trol, Julian M. Sturtevant; 2.* Auto- 
matic Recording, D. R. Simonsen; 3.* 
Weighing, Alsoph H. Corwin; 4. Deter- 
mination of Density, Norman Bauer and 
S. Z. Lewin*; 5.* Determination of 
Particle Size and Molecular Weight, 
George L. Beyer; 6. Temperature Meas- 
urement, Julian M. Sturtevant; 7. De- 
termination of Melting and Freezing Tem- 
peratures, Evald L. Skau, Jett C. Arthur, 
Jr.,* and Helmut Wakeham; 8. Deter- 
mination of Boiling and Condensation 
Temperatures, W. Swietoslawski and John 
R. Anderson; 9. Determination of Vapor 
Pressure, George W. Thomson; 10. 
Calorimetry, Julian M. Sturtevant; 11. 
Determination of Solubility, W. J. 
Mader,* R. D. Vold, and M. J. Vold; 12. 
Determination of Viscosity, B. F. 
Swindells,* R. Ullman,* and H. Mark; 
13. Determination of Properties of In- 
soluble Monolayers at Mobile Interfaces, 
A. E. Alexander*; 14. Determination of 
Surface and Interfacial Tension, by the 
late William D. Harkins, revised by A. E. 
Alexander*; 15. Determination of Os- 
motic Pressure, R. H. Wagner and L. D. 
Moore, Jr.* 

The asterisked sections are new in this 
edition. The new authors are also as- 
terisked. 

The writing is not always as succinct 
and clear as might be desired but the cover- 
age is good and generally authoritative. 


Departmental libraries will find this one 


of their more used volumes. 


J. A. CAMPBELL 
Harvey Mudd College 
Claremont, California 


Theory of Unimolecular Reactions 


Noel B. Slater, Baker Lecturer, Cornell 
University, Ithaca, New York. Cor- 
nell University Press, Ithaca, New 
York, 1959. xi + 230 pp. 15 X 23.5 
em. $4.75. 


Slater has undertaken a general his- 
torical development of the Theory of 
Unimolecular Reactions in which he has 
fitted in his own very interesting contri- 
butions. He develops the consequences 
of Lindeman’s pioneering suggestion that 
in thermal decomposition, molecules are 
energized by collisions after which they 
may either lose this energy by subsequent 
collisions or break in two. This point of 
view has completely replaced the unten- 
able radiation hypothesis of F. Perrin 
which held that absorption of radiation 
was the important energizing factor. The 
greater the number of degrees of freedom 
in a molecule, the more nearly does its 
average energy suffice for breaking a bond. 


552 / Journal of Chemical Education 


Thus large molecules are less dependent 
on collisions to maintain the equilibrium 
population which is being continually 
depleted by decomposition. The larger 
the molecule the lower the pressure at 
which the high pressure rate falls off. 
In transition state theory the activated 
complex is specified as the configuration 
of no return. This critical configuration 
varies slightly with the rotational state 
but this does not cause serious difficulty. 

Slater considers various alternative 
models. In one the molecule is assumed 
to decompose when the critical bond ex- 
ceeds a certain length. This oversimpli- 
fies the activated complex model but is 
near enough for the results to be instruc- 
tive. So far it is difficult to marshall the 
available experimental evidence or design 
new experiments to distinguish sharply 
between the earlier models proposed by 
Rice and by Kassell and later ones devel- 
oped by Slater. spectrography 
with electron beams having definite ener- 
gies provides positive ions which sub- 
sequently unimolecularly decompose. 
Such data can provide critical tests of 
unimolecular decomposition theories. 
Slater mentions only briefly this growing 
field but his book is an extremely valuable 
contribution to the unfinished field of 
unimolecular reactions and anyone seri- 
ously interested in such reactions must 
consult this excellent book. 


Henry EyrinG 
University of Utah 
Salt Lake City 


Organic Chemistry 


Robert Thornton Morrison and Robert 
Neilson Boyd, both of New York Univer- 
sity. Allyn and Bacon, Inc., Boston, 
1959. xiv + 948 pp. 16 X 24 ecm. 
$10.75. 


This is a very remarkable book written 
with considerable care and skill. There 
are, for instance, simple explanations left 
out of the text because they are presented 
as questions at the end of the chapter. 
The organization of the book follows a 
conventional integrated pattern as indi- 
cated by the early chapter headings: 
Structure & Properties; Methane; Al- 
kanes; Alkenes I; Alkenes II; Alkynes; 
Dienes; Cyclic Aliphatic Hydrocarbons; 
Benzene; Resonance; etc. The authors 
have deliberately chosen to remain within 
this framework because the traditional 
organization by family emphasizes the 
dependence of properties on molecular 
structure. 

Once beyond the Table of Contents, 
the novelty of approach becomes imme- 
diately evident. A serious attempt is 
made to relate every fact of organic chem- 
istry mentioned in its pages to theoretical 
principles. These latter are introduced 
as soon as needed. They are, in general, 
dealt with in a remarkably lucid manner. 


_ There is something about the style that 


is most refreshing; somehow the reader 
is taken to the inside of a chemist’s way 
of thinking. The authors do not fear to 
characterize certain ideas as probable 
rather than certain. When the evidence 
for a mechanism is too complex to be 


included, the authors say so. In the 
authors’ words: ‘A change is long ov:r- 
due. The science of organic chemis:ry 
has come of age and needs to be taught 
on that basis.’’ 

The book discusses conformatio a] 
analysis in detail beginning in the chay ter 
on alkanes; the stereochemistry of ws ter 
and ammonia follows the most rec nt 
ideas of a tetrahedral distribution of fvur 
electron pairs whether shared or unsha: 0d; 
energy of activation and rate of reaction 
are defined in the alkane chapter aiso, 
and the increase in number of activated 
collisions with increasing temperature 
is ably explained. 

“Wherever feasible we have used ac- 
tual experimental data as the basis for 
problems.’’ There are around a thous.nd 
problems at the ends of chapters, and more 
are interspersed in the text. Answers 
are included at the end of the book. 

The book contains excellent discussions 
on the relation of structure to physical 
properties. Methods of preparation and 
reactions are set out in tables before they 
are discussed, thus giving a useful over- 
view of the types of reactions character- 
istic of a class of compounds. 

Formulas and diagrams are well set 
out and used liberally. The book ends 
with an excellent six-page list of advanced 
readings arranged by topics rather than 
chapter headings. The index covers 41 
pages. 

Some topics this reviewer would have 
liked to see developed differently. No 
justification for the variations among 
atomic electronegativities could be found. 
The authors continue the pattern of in- 
troducing stereoisomerism due to mole- 
cular asymmetry by introducing a further 
new concept, that of polarized light. The 
subject can be introduced in terms familiar 
to the student by pointing to the freezing 
point depression generally produced on 
each other by enantiomorphs. 

The book contains more material than 
is likely to be covered in a one-year course 
in organic chemistry, but its use in such 
a course should fascinate rather than dis- 
courage the student. The book is prob- 
ably not suitable for freshman organic 
courses, though the ablest freshmen ought 
to be encouraged to grapple with it. 

Of the recent spate of unconventional 
organic texts, the reviewer would rank 
this one as the best. 


O. T. BeNFEY 
Earlham College 
Richmond, Indiana 


Toxic Aliphatic Fluorine Compounds 


F.L. M. Pattison, University of W «stern 
Ontario, London, Ontario, C» ada. 
Elsevier Publishing Co., Amstc:dam, 
1959, distributed in U. 8. by D. Van 
Nostrand Co., Inc., Princeton, New 
Jersey. xi+ 227 pp. Figs. and | «bles. 
13 X 19cm. Paperbound. $3.5’. 


This book is one of a series of »0n0- 
graphs on industrial toxic agents Ac 
tually, however, it goes far beyon this 
limitation and discusses in smal! space 
some of the most important probli of 
modern biochemistry. 


(Continued on page A682) 
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